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SR L By mesvs of a simplified theorotical "model"s thie present DEper
L trea‘bs tne: Lreneral clase of flov problems cheracterized by the interac:

T ’1.1021 ne:twee,n o wiscous, r dlssrgatlve *‘low nea:c the rsurface ‘of a. sol.s,d

B
F : ) )
."'f’ .

body, ovﬁw_n 1ts Jrak ‘ve »-8nd an ou’uer nearly-;sentroplc gtream: For the

. ﬂpré‘s‘ent L,he exuernal fJow is taken to be & ")"' sne, steady, supersonlc :[‘low, .

, ~which makes & sma_l a,ng:l.c Vith & plane sw’face), or nla.ne of “yﬁxme‘ti‘y;gji« .

though the me*s’rxeds Lsed can be em:end.ed ‘co f'u:r.'ved ﬂurf'aces. to‘ ai:i'all}},‘iwi

Ta,

) The internas: dis-»

; .ieain ‘bo« dlssmative flow, 1s bons;uered to be ’che f‘:naamentax‘ -

phymcaL process determining the 'pressure ‘rise hat can be supported by

zhe flow. Wlﬂl ’che a1d of thls concépt a lare;e number of flow problems

are shown to be basica.l]y simllar, euch as boundary layer-shock wave inter~

flzow. soehlnci blunt-—babcd bodies (oase pressu;re problem), flow

~ gctidn, wak

' pa;ai:ion ;Ln—eveceXpanded supsrsonic nozzles g eeparation on wings an.dw G
. dii;"",, _e‘bc " - % ) =

,'rl"hen fne mL,*Lm) ra 8 is ‘ca,ken to Je proportlonal £& the mess

£

<% i
z

) fl*afr, ensrty of the 1sentropic sr,ream, the eque.t* one’ of motion are reduced

' ..*r:vi?ggg;g 's‘;‘_:ﬁg}eb non—lln'ar ox‘dmary differenuia.l equation that can baf'ii{x_té;-

‘:Sié:ize&'«nui;\“er;ig_a%ly; An

Ar_i;rimp';c"rtanu prope*‘*y of thia equation in the e;'éiai;‘gjaﬁcef




,cona1t¢ons, for. gupersonic*f’lows

atg

point 8éts very‘much T_Ln the throat'y

critica

the bage Dressure, Tor exampl

— SR

ra_ws'ere frcm

rated &nd reat tachlng flows, and wake flcws

reattaching flOW‘Z are 'f‘aund b0 g

Thus the pressure ratio in"reaaes

z?&pid%y r'wiéﬁgzﬂaéh

number, of

+he base prpssure ratio,

Ines

0

aaldg Mach numbero'

g surface is a8 maximum &t aepafation,

in reautachlng flows, O~ wake flows,

sqm distance upsvream.of the.

rapidly toward a. maximlm 88 this point is approacheﬁ.

fape pressure~distr1bution ObBerVed in léminar bo ;;‘”

1ntérac+icn3’with f;ow sep&ration i&

buflon atsplf cantbe ch

N -

In sep&rated flows th*

~«re—*a.«,t;zs.chment point"

;culated approximatelyo

for ex&mple, éecrgggég,tgpidlyﬁv%tg;f

prwssure gradient along
ang drops off steeply aownstream,u,

the pressme R{I‘B.dlen’t ta B

1ncreases very

'ﬁz@- ’i;ﬁrlectéd ff;i;if"- |

. layer-shock'waverr

now understandable, and the distri~

’ “"'"w»w«.,f»g_uw*”wm P ———
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men uhe presen., mﬁi@ t‘neory is apnliea to the problem of

: determrning ne b se pressurc f‘or a superaonic a.irf01l with a b.mnt *bra.ll-

_ing eage, lu g_L'?ES tne cor;‘" 7 f'lu..d—-mechanical expl ]

‘_ s_erved ;‘ih‘enbména:j . ‘_chlit ve agreement 15 found oetweent ths meoretical
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\ca..culaulons of’ the. curvé:_ -Qf be,ga p_re&sure yer qus Reynolub mm*‘cer and. Lhe
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s , " f . peremeter eppesring ii mesn tempereture-meen velocity

relation _(’Dl"TE-

S — memre e e L ook mi.cm.g con:flclen’c, ﬁef‘n.ned by relatlon 3;?‘ = '&-Feu& o

R - SR P S < TOIE L - ST ’ -
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: o e o T f?y; visecous: shear stress at §olid surface. - .
Shi. T ep . local skm-fric“tlgncon?f,mem;-rw -,
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7 LT One of‘ the. least unde::stbod phenomena *Fn flu:;_d meSha Wi:}s is
S ' the in+era, tio ' n bé tween @ ¥

e e i g )
SRR s
>
3
;
;
it
¥

1scovs or dlssibatlve flow neaz‘ the surfs:‘é’e‘.
of a SOJ..ld bcdy, or in itg wake, and an *outer nearly-isent.rapic etream

o wrth \rarying static pressure.. T‘ns pbenomenon 18 observed in a_l types
L of boundary _La;yervshock wave 1n‘ceractions » i the wake behlnd blunt- )
BN based bodles a.nd alrfr is

'0ils wltn bl«mt tra.J.J.J.ng edgey at supersomc speeu..

( baae-press ure pro blem '

. 1:a flow separation assocm.ted "’J.'Uh. recompr ss;f.ﬁn

o

: 1*1 g.rv ove?'e}'p&”ﬂoﬂ supé\ 50 ic nozzle, in fiow separ&‘ta.en fremr the ~surface

- of airfoils ‘and %6&1es at high e rfles of 1nc1rtence, ete.,- ~Apart from its*

'theoreb’ cal 1ntereet 3 the n*oolem is of censiderable technlcal 'mep()l‘té ‘ci e -

benause of uze wldespreggg oceﬁj:ggpge..gf such ink éi.a ,mns 1. compressaf? ‘
S rOCket nOZZleS’ sune rsonic -and gubsonic uiffusers aﬂﬂ on supe‘ onte w‘nga
R N «andeodJ.esn B A

T oo Inall bhese 1nteract10ns, fhe external flow" c&nne-t be regarﬂm“
as 8 kno&m datum. f‘or ‘the ca’L

ulation o+’ +he "i nterne,l mas:ipamve fiow,

- . In contrast to the u“L&l Prandtl boundary la,yer theory, and- 1ts extension

the deven.omnenu of the dissipat*v—- f”cw itself helps.

to devt'éz"mirne the external £low,

i
' ) 'bo wakes -and ,]ets,

and it is ncm generailly recogn:u.ed t"xat

: this 1nterp1ay must be mauir= the. has,ie of any valid nneoretica.l ,;reatment. -

~I5L* ‘:I_‘;'s“‘c}ie &inm of this paper to brimz out the _mportame of the transpoﬂ:

‘ of momentum f”om outer stream to diasipetive :t‘lowv turbulent "mixing" \o‘r~

o J.a.mina.r diffuslon)

in. aeuermim.ng the flow pa.ttern and pressure rige in
these interactions,

and to formulate tpis concept in quantitatj.Ve terms
By means of thls conf‘ept a. la..ge

nmber oﬂ seem:ingly chverse flcw p’b 1 1

B are shewn to be basz.ct.l“y sim,_lwr and *‘"‘ze’
|

by one generagl \qheo;fy«

. - - "‘*M_.-_,w —

RN (e TN TP L b T  t —tirass r
.
~. ‘




‘=}?:c*ex-:‘.-ous %ﬂeore‘éi—éeﬁ.; treatments of the :mteraction oetween an

<

inter l d:ss;.patlve flog ami an outer s neexly-isentropic s‘cream do not

- S':;ifi ~.,c have renog*z..zed the importance OI mmmgo Foi' ~example N ip 1;11;3_'

_ case of the bom“ldary _T_dez .qhm:k wave intey *actlon proo :em, Tsien and

Fmstonl, ..olgh'thllle ana euhers regard the .Lnteract:.on be‘tween 'c.ha sub-

-

sornc. flcw fielu adwacem: to 'che surface a.nd the ou:ter supersonic stream 5

a8 paramouno , and t-*ea,t the proolem by méans of & lmearized non-vVigcous

) '_ fl 'cheory, The;r cu.lcuj_e.tlens ghow only & neg;.iglble ups' breeun spread-

i"‘q: O,x. the 1117erac ulon néar the surfa.ce o zmﬁ this result corresponds to

uhe ,Ls.»ts onlv for e turbulen‘l’ b_;undary la.,re"- and a weak shock. Even in '

thm c&se Lhe mncuamsm is net ccrreme _because *‘b does not include the

ma_xing bet&reen ex‘cernal s.rvd inter na’ flo ‘85 and does not take into as- |

R S g o s 5 e ez - S50 00 L =0 o e e C e e e .

' coum, the non-linear characi-er of‘ 'the ex‘herna] LlOﬁ a.na o- tho 1nterab-

e tionu ihe mporoan i o; mz.xing in determlning Lhe pressure r:.se tna.t can

' ST T enf has already been recogmzed by ocnubauer ahd. I~’l.e’uoe.nnof*“3 f;.or ;Lox_g __gge,ed

) _4_"_._,'_-'--.-.7 ’ flo*.»rs., L : o -_"—~

Tifeai;nents-» of tlie boundary Jayar=ghock wave inﬁe;:éctibn ,;;xobig,m

which regard viscous _'effeé*ﬁs a8 imuortant ; B8uch as 'tho'eé of i;he‘ mz‘nioi‘

'zan.n"{}n':uc;lL ,' wtd lizé the ordiner y Pranatl bovndarv lave*' theorv to determine D

the rate oi‘ growth of the df_snlarement thic kneas, dd%* s in terma of the

(unimovm) pressm:e vardation in the external stveamo =(>Hera, .-m-ixa-ng ié:

tal;en 1nto a»mmzt approximately) The wall 1s Lhen‘ revlacad by streem~

~_1‘_1n_e of slopa .gg-{ ; ahd the nressure varia ion in th= ext rnal stream is

\r

obtaified in terms o:ﬁ' the cuztvature ) ‘?"r by means of the Prand!;l-Meyer ,
relation. The golution obteifed for the lams.aax baundary layez‘ qpow axg

- - i : : L




-upstream pressure rise along tha suriace away from the sho:.k, and fredicta

'eeparation @f the be\mrie.ry .La.yer ,ahea.d of ’the ghotk. v!hile these pre&ic -

|
j

{, ﬂ ir ’ - '~ o — #

o T exténsive reglon of ups‘cream influem:e and ‘an exnonentlal decay of the
\

|

|

tions now seem Lo be qualitatlvely correct ’ the theory is unable tq c},e,al

with the flow downsireem of separation, and tells us nothing a.bout uhe

subseguent regattachment oz" he £low downatream of the reflected expa.n.eion;

Vth szvegoure mse along the sufcface apparently cecurs. ‘

Ten, Where most of

Ri»vtoxj recently attemptea Lo mprove upen this ’creatment. 5 «but fhe baslc

the chza.ra.c‘cer1 c;tics -of the compressfo.!.e turbulen‘c bounda;y layer in en - -

,advez:se p*‘essure gre.d:.ent are Jargely unlmosm, this ‘cechniqm has noh” been

app;.zod to the ur“bulent la.yer ajb allb

R nized th&t m_.xvng":p,the x-r“he gust a,ft Qf t:re”

tne .LlG"w, and, hence;““

- the hase“fgreesure, “put.- uhlS concept ha.s never been precise.hy fomulated, 7

base pressure uould be correlated in terms of the ratio cf the boundary

- J.ayer thickness et the base to ’cne base aiameten. Ho . mechaniemwie a.dva.nced

40 explgzin the ceiﬁrél;_;v , The ordinary\fcheory of wakee "Eﬁd jete y which
e ';i“s usw:lly T'estricted c iform preasure, is of little aesiatance in thie
Drﬁblemo _7‘ N ; R P A P ST N D Sl

-w—,Anm,ner important phenomenon «involving ths mteract}ion betwaen

e diss:.pative flow pear & surface and. an "ezterna}:" flm.' with :mcreaaing

. e . P oA L BLETALTN Ve T -

pregsure i the flow di:cection is< observed in an evere 'mﬁed supereonic

T aifficy ';;y’ has nob Abecnwovercome 3 bef'ause of the 1nab111ty of fbhe usual o
T boundery layer vhee»r’)r ’so ﬂea,l srith this. tvpe of QlSSlp&ulV& >tlew, Sln,e, DT A

Recently Chapman6 rev1ewed the entire pro’hlem, a.nd Ffound tha.t ex:.sti“.g data o
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Hhan the rat*o of chamber pressure to rece;ver pressure is re-

-du"ed b,*»a 2 cmrtain ﬂrltivaT valu e, 1% is observed exnerﬁmsntal1y7 8

that the obllg elghggk5~at

Tué strealenes near thp nozz]e wax‘ are deflevted througn these snocks

. of the cencept of the vbn»Ké%mgﬁ mdméq@um =

lishes,ce;__

ticn of v1scos

and the flou separates from the ue*l For the\conditions 1nvestigated,

the flow daflection angle is remarkably constant (f"lko), §nd the pres- '

_:3ure rauio across the shouk is about 3 0, v1rtually 1ndependent of nozzle

-divergence hal ~angle« 1n the range Irom to 30 e The.ﬁ}gw gaﬁieétidﬁ

and pressure rutlo lle e ll belog the possible maxima correspondlng 7o)

the local Mach number aheau of the shocke_ Non~v1scons flox uheory estab-

llmlts for the flew defleﬁtlon anzle and shock pressure

ratio but ﬁchermloe “the problem 18 inde*ermlnate erhout the 1ntrodu'

No theoretlcal explanation.of this pheﬁomansn hag s
yet ‘oeenadvanceﬁhx B ',_,. . Rt ‘:'-3} f__ :

It»seems hopeless

3 Sem: - 2= 5 — .

equations 1n,d°ta;l or these equatlons 1nclud;“~ the Reynolde strens 10
for these 1nneractions between an internal dissipative flcw and an ex= h
ternel,; nsarly—lsentroPle_stneam, What ;§=r§qyiz§d.;s-a;gegp;ggﬂggtgon'

ntegral for the dissipative

fiow region, whers, hoWever; this _mterfﬁéi -f’m is treated &s quasi-

..—-_Ww 2 - 9 --

- -

P T T LIy, RN

u.c:u. xu.t:a.u. Ve x.uu ..L u",y

It is essentiel to retain the non~linear character of thewexterna&

“

and of the 1nteractlon itself, The noh_uniformity of t actual velocity

the:nozzie-exit~mqy§pupstzé§m 1nxo,t§e,npzzleﬁ_ﬁ_

ttemnu to solve the ﬁamplete Havierwbtok;s
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1 N T S ey
ki ; - T R
" g«; physical Dﬁ?né‘e=s:, which wi)fL firnish. the niechém’:sm for the pressure rise.
I_' g ) Whilb gome of the detalls of fhn flow are undou'b‘cedl., ’Lmt; :t 1s ‘be-
‘. g :,, lieved. that tnis smnlif:.ed thecreticeﬂ "medel:’_ p’cese*vns the m*n fea- |
g ) o cures-;)f the interectlon with the extornal stream. The i s& of @eta;i.l-
"_ £ ' ’LS outweighod ;.or ’ché Hp'i'egen* by the generalltv oF the resulus 5 end the
: ’fac’c that flcws are trea.ted which cannot b\, analyzed at all by tx.e p.:l.g_s,-
. _,‘,, R s;cal bounaary l.ayer theor' 5
R '-.a 2., O Ganeral Theory., e w_ o ‘ “'.f: - __'\M_.- ‘
- ff -"-_;.,2‘;'_1;0, Bzisy; Equations _of Motion._ L { S -_: o - ) ) ]
o “ : Snp V'";__rtha'c ‘chg flow 'along' ;a‘plane su:rfér*a or a plan;;i: sgm:‘

to ‘the x-axw z _on tne average, \d ), an extema.l 1sentropic flow, maklng"

the local angle 6 with the x-axis at. :y -J’ .401 'bhe mon1ent B‘ is
: assumed to 'be sufflclently small so thet ten O X @ a.nd cos 9;:’ l .,

Because of the( mass transfer, or "Ming i betveen the external a.nd in- L

~'_w In order to_bring out %he g:ai.n Dects of the theorv witheut

be‘gén{:@ﬁ_g to0 _jzziw'rolvéd in .‘ma,them&'bicaﬂ. 84 fficultj.es, the treamant 45 v-e-,‘

éiﬁt,ﬁi-ci:_ed for the pregent to plane. 2, steady, 1aentropic g, supersonic em;erml
- 3 g . . B 42- .
‘flbwsz, for vhich the E-Sc‘&nd_tleMéygr rela‘tion -&ﬂ = \}‘;_i\’ &U 'ho.;'!‘.d‘s.- B
' MY e
) Actua].ly, the analysls can be extendea 17 axially-symme‘c.r,-.c supersonic

Se—— s et q c i
T = = e —— ccotrhes g = Pataiacy - t5 R m—

% The tLeatmen‘c cen be ez‘bended 'Lo the' mere general. ',?-f 8, curved
su:rfaceo = S - T DS

S N e ot - i ¥ et NS S e A e =t e Ay e % &

\
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flows ’by the method of" che.racteris‘tics g and ahock-wa.ve losses in the
In prmciple, subsonic

ex‘cernal f,’..cu can a.lso ba t&ken into a,ccount,

o external i‘1 aWs can a.x.so be ‘created by confomal mappin= techn,.ques.

- Tne following a.ssumptione _a__;'a 1ntroauced. .
The gtatic nressure P is vonstan’c across bhe internal .

S _ (i)
FE R -*lew and equa.l £0 iq 1o ea,?:fgr_esqute -*f’e -iq _:1:,13@'_ gzgtg"rﬁl stream

——

S e C -
. (11) Heat -cra.‘sfer be‘cween the I’luid and aa.rface (if S scln.d

L '_ suzface is presen'c) is zero, a.ncl the sta.gnation enthalpy h is constant .
o a.c*'oss the flcw e.nd equal to h ) a.t y 5 The a.ppllcabllrcj of these . -

e assmpnlons m.ll be o.iscx.seed br_i_s_fly lauerg (Secti 6)

l‘iifjffffffg “;?,j"'=‘ Jf';f;;__ ST .
_ the mamentun £l 15 Iz r ow ,"‘ dj -, andthe flux of enthe.lpy is°
By :referring tc Figure l, cne aees tha.t E !

- 7;:":‘:-,‘?7 _ j hs p \L Aj m hseﬂ‘ B -__V:
the angle between the atresmllne and ‘che outer bounda.ry of +he d;ssipa uive
'@' 8’ ;' therefore the aate a.t which mass is o

flcw aty J ':;,s-' . a2 e
transported to the 1nterne.l flow is ' __ - s L

, i§-2'=t‘£i)?_--"; e C A _ o

—N A memen‘b&m Jﬁa.la,nc'e“&ields e
2.2) . _-eiax é<b<‘-.WN a”.. :

_ where ’BW is the frlchiona.l stress at the surfe.ce E &7 i a8 surface is

_ Presant). S;n.ee hg, _
X B - 7 =

8atisfied under fgh_e»'-aggmnpmon (ii) abcve~ = o
e W

o st s e T

T it e Y+ T et e it = A o Yo



tegral metnod of ordv na'r'y bounda y 'Layer f:,m-:‘oryo

o _’ Let an avez'a,ge Veloc:Lty of tl"ne 1nternal 4.,.014 be aefined bv the -
I | ~ _ .
Y NI e o

i.e. th@ ratio of the_ momen’cxm Llux to r,he mass flm:a .L:et us a}.so de.\ ine .

o .e-..\_~~ o

mean densluy o

) Ir.troduc;ng tne displacement and mementmn thiclmesses of ordinary botmd& _' !
;layer theory * '_ — T ‘ ' SRS 5.

2 5&) 3 /(; . \C{j
(o (\~-“>-\ Ay = 4- yiJ ?\» e 0%

e

: i PN ¥ has—eécn Laed here to indica.te 'bha mcmentw.m thicknaas in order to
avoid confusien 'xéia:i:h the angle of flow, 9‘ .
T A IS T e T S rRB—— g = '\‘ e & ———— s , 5 , - S e ‘:
S U S _
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Fram 'thééé eqmtions W+ and ‘I ¢éan be derlved and replaced in 2. 3) and

e i
v :

(2 LL) to obtain “the. ‘Pollcwing expressions for the mean quantities in term )

©of the thmc}mess.es,. o ) o L

- . _:,&,g :#9;&, S T =

\2 _777_ ~ - ~ - _'- ’ -' - B - ) T -'. -" _ M‘

T W RO S T AL e
Qe, *’x f (5 _ﬁ J*“)‘ e P

A
l\)
%
\fo
|
I
e
|
!
|

'wher-é R ig: an nertant~parameter always less than l., o

\"f‘\’-e. Lo SR a=
fé

_ The defmn.tn.on, of the ‘bhlckness 2

1l

sed. in. Sect:.on 2 a'

]

"
j

Nonadmensional reduc.sd veloci+1es w u/a_ are now 1ntroduced

- quantrties I \ . - ) -

(r—-é"“ (’9 TS \(w. f?3 =




The re:z&aced m%s; flov is then &m;@; by ) h
e o= Mo = :%D{_ Lo~ =
. e R .
N . I

e g’}’ ho.s been Vexoressed

nhrough the i’riction coeffic:ient c,f Stmpoae now tha.t c cag_’pg_ re-:__;_
lated d..re‘.tly t0o *me unl-:rt_ovns YY\ 2/ We. &WA Wv - buppa::w“- ‘
slso that .T' = ‘can be expressed explicit 1y 4n tems of the wi 4 k

e

}mowns throug,n a more general foraule than the ordinary one-dimensiom 5

T e 2‘ - e - -’-____._'__ ;
_—, ..-- E i - §~_” —h‘ - - T . -".—
energy relatiJn L = \ K correct for & undfoim

veloc,ty distribution nlz)_». Then ainf'e -10 -zP (WFQ and 9 8 f 2 e.)

;*_' “are lmom by the Prandul~hieyer rela'”ﬁion, Equatlon.a L.'?) (2.8} a.nd (2 9)

*-’urnishl three ?elﬂ.tions be;tween the f'our vaz:iaulee ¥ [ W omf! W« .

An ada:.tn.onal z’&.ation w?:'w'c;e;a' ' nw miableg 1s introducefi by ‘msans. of

&% assumptiun garding the m:L‘nng rate dm/dx, vhich vill 'be dievuaaed in

'-_S'e‘_{_;j;qu_n. 2, 3+ It is at this point 5 with tne introduction of an emprozimte

o = : ~
N pan e e i S G, G "+ " T e — . L
R I s S \
i
e e o
SEp—— S — = . T T S o - e r e
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- ~ - - STy J:Q

A °1:,preas:1_on fo** the mesn temﬂeratm:‘e ancl f’or the mlxing raue 5 tha* the o

__pi:e;s_e_x.:a,t_é,p,p;qa__c;é_ departs from the usual bouvndary ;_Le.ye;_'thgprg.

22 oo ’T‘xpression for the Hea.n J.emperature. ?I"E"e 'I"——ﬁ-ﬁ Cur”vrew o

In amr g:.ven flow the mean tempe’f'mure can be computed from +he '

def:.mng relatlo“.s . quar,:ons (2 6 1 and (2. i') But, sinca the solution is

b .
I s A
M AR . N 1
3 . ‘ : : " :
R e R A i M s ; -
' . Toet e P i i . i v :
' ki ' IR TR IR Uy S P

7mate relatlonship must be introauced, wh;.ch G.epends on some average proper~

' ‘b:.ea of the flow and 1nvolves bhe minimuxﬁ possible number o:f, @gxfa,\.heters@_

.
' ’
memm
e . I
PR Nt
e .

e e G b ke

5 - D ) i B :E' s
'Lam.na_r Flow. J.n bhe .kaminar ‘case sucn e relatlonship- -can be est&bligheé_. - _,éz
—-”‘— - 5 > 1 = T _. s '";h*_ g:;j::

Q.
from the following consz.deratlons Stﬂwaz'tson bas- 9,.0"1'1 tha.t, or

e
:\,
i

= ;s

to S equivalent incompressible bound.ary yer flow ‘J'i"c—.ﬁ'?é tr;nafor-m-e;l ."_' ) : § .
external veloci’cy distributiOn, 'I‘his means tha.t from'a. given inccmpressible | g h

. _:§'lo_v & famlq;y of compresg.ib e flows ¢an be gemra. d., whose solutione are ?h
related in & sinple ;féy 0, the’ incoppressible solution. The Ghewsrtson r

transformation ig re presented completely 'by tha relations

- (210) QQ.OCXY{ Qms A\p ’?G*odf JP fdx) Q_\.L ‘/’y G

R o ';;iﬁér.é_’ the sibacy 1pt "o" denotes some fii'x'ed .'fefei?eiiée t:“on&iétiéﬁ-, ‘imd' t’h’é

subscr:.pt “1" dézio*c‘eaf tha :qugnz;rbxea of the equivaleht 1ncompres§ible flar b 7-

*F

2 I wmn ﬁhemons*tan* 'dens.d:y PO > 'w.f.»h ccwrdma.ues } v( - 2 a:adw.;.tn

- - - oo - - - L~ T - - h - e R —— ____ ————
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’ the sam= stream functlon
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7 re¢ations ’2 lO) ‘the tWO folldwing addltional relas ions can be written,_

"'If folnows that a* correagonalng stations Jthe relative velaci- B 7;

as in the 0ompre881ble case°

From thﬁ‘
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Thereforc o ut.

.1‘11'18.1,: ¥ 5 by em*:},ey
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Buu. from the r‘qns tancv of thc stagnation ent haipfy \

T

ng Ecuatlons (26.'.1) and- (2 13) one :clnds

i*t '=n 2 followe:

S

Al

wole. ctre,

J.his mea._. tamperatx.re ~¥i,

i‘or & me-dlmenslonal isoenergetlc flow only 10 th&+ the q,ua.n‘bit §

T e by pere o ST e ma———
U L R

n vel@city relauonshm dlffers ;.rouz

_C‘Lj )mep \Aw-g *Jwe. (5 5L o”“)

Tang tm,.s (2 2) and (2.33), Equation £8.6a) can
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7 ap'_eaars, rather than unitye. '1‘=~'c. ig to be observed that for every 1ncom1-'
presslble boundary la. ysr flow f (Equation (2 18)) R a.nd &6 (Equation
(2.16}), cen be rnlated to each other , 90 thet the given inccmpressible
flow, and the corresnonding con'olete fami ly of compressi“ble 'bounda.ry 1ayer

i‘lcms obta.med tnrough the Str-wsrtson tvans“ownation,k are characterized by

a certain R4 (B’e. ) re_,le..tion“ Al] +he eF"“ects cf‘ Mack nwba;— ,._oL \.he ":’_"T'.

-compr'esgilbae ;.e.mily are contamsd. in the serond term of the right hand

gide of Equafio‘n {2, l?). ' Of course in géperal thls i’ x\{ ) rela.tion 18

differenu for every flowo. HowuveL a.t “this peint it shoula be anse*"ved

tne.t cer*a:fn vl&SS"S of cw-speed lamina.r ‘boundary la,yer flmrs s such as L

those mvesti’gated by Fa.lkner and Skan* 10,11 ( \LL e _-ng ) ; 'axe de- G

sented by & sigg }Q curve, By means sf the utewar‘cson tnansforma-»-

= g . — T ‘_.-_—~~~-.p T -

v ez —-..’Am.' i

tmon this ﬂawpa*fameter doscri'otion 4s emen‘c’ied tc» the correspondingmcom-

pcess,lb.u: Tlows as weILL SR '_" ST T M

The f ’}E ¥ '*ela"'ion can be evalaated for knovn: iricompresei‘ble
solm‘:.lon.s once the thic]mess J;. ’ of the diesipa.oive Yegina 18 aud tablly

d finede 7Wow the thickneea of a lamina.r bound&ry :m,yer is no‘c a8 sharp"

) ’c, flowlin the diasipauiwe ;re-
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 cortesponding éél o 99 ard 0. 95 Once b is &?fmea, D

J€ - and- can be obtained fron Equations '-16) 'va.r*.dr (2. 18), by

utiliz1ng the ordinary values of 5 # and d > cqmputed for u_—%-ao ,7

wh»:nchv c,orxequnfsv £o concentrating all of ‘che ac’cua.l maes aﬁd nmmentum

defect of the béﬁmary ;a.yer in uﬂe convenbional.,¢ defined d..asipa‘bive

S comnreas:dole boo_naary layer solu\ ionsﬁ

rrregi'oiia Obse*'ve uD_ﬁ-'B Tht% &efinltlon of S follows .meediately from
tha,t of - :: be”ause of f‘que.tio ( :;1')‘ - )
In Figwe 2& the -4 curves are shown i‘or ‘t:wo lam_nar in-

3)

e wE

lmear.Ly decaleraued ve.‘.ocity a3 s‘tmb

' a.n i’]iti&l mmm falue to a it

- thig - curve pabses through the

7- e B.OTution on. k=Y i

iz
the How&rbh

boundary lave““ fiow ,'fws!.:th oLf

SGlution ﬁor & -

? ) oi sohﬁ::umso ‘I‘he f‘irs*‘e curvn co*'"espondo to

v plate, whj‘.c‘n 1s characteri‘,ed»by cons’r,ant values \;f'

1(\},1;}_1 ST -

going from

‘5"'_8,11& 'che Fa.lm:e‘n\’fsﬂ _;“ T s

',;._. 35 and J/f’ S On ‘bhe or,her hand,, aa.\,h pomt of ‘l:he second curve .
B carrespomis 'bo & differen't bounﬂary layer flO‘H evo:'iug, in sucb . YAY ’cha:b
_-fr and J{ 'rér’ﬁﬁi‘r‘x constant, and. thé "posifién” of" the flmr with re= - i

spect to separat:.on “emains f’ixed. Eere again the Blagius soL Ix~,.,un is in~

cl.uded, alk the points on the right of the Bla.sius point co*respond to 7

o accelerc.ulon, those on the left 'co decalerat:xon. } ’“he m:«.nimm ,w. cor-

:;ne;sponds to a fle‘vf Whlch is coni'a nuously on” tha "erve o‘F‘ sonaration,

R
1
SR
;e
g

All of the t‘urves Show a c'ommon qu&li:tative b@havior, ge:f;ng ‘to—

we.rcl sepa.ra*c,.om )’f’ aeoree.ses a.nc’L R QC incv*ea.ses s‘ces.dily, ‘che slope

becommg steeyer and steeper, unt,,l at sepaz:a.tio.x, t‘ne slope ‘!s pmctically




T Yertical, i“e-_;"‘f_ M- i\__—'véa"xies'_’bui: little ag 3C increases. This fact

]

- . ~ . bhesa 2ladr phzzical int ergrewtaoao e increa.se in thiclcuesa nedtr
ae 1&t1 is caused maim.y by an incrsase in the extept of uhe low

e]

veloc:.{:y nor'cwon of the bouzsaamy }aver, the high velocvby region bemgm_

pushed away n:om the wal.'!.. v;h_gle e_ cr‘lty alstmbuulon in the hign

velor'lty reglon *ema:;_ns ng-r‘o“:_mately smxlar to 1tse>]f=_ m theé éxtretﬁe '

‘case when *'he ve.xoclti@ naa.r he wall arg ve*y Ii.ov., the ef“ect of thls

o . region on I a.nd mw is ‘n'e 3.i‘»3_‘:‘5;3'.é; and AL is f-‘{e’a-z—‘l?' censtant r_at-
oo = . — b o

SEe ._ ‘ - - the value compu‘bed THom. ohe nigh Velccrl;v reglon s\lone, On the obher .

bhand JC increa,ses n'CSBdlly because of the increese in cotal ‘chiv}meus,s .

of” ‘cbe digsi patlve f.Lcw. This fac t oa; also be exvressed :m the fo‘.!..gowixg

v =y e =

- ' OCluy nortion 'het‘o.mes less and _.c,:ss ma_rkea and the Conali,l J:ms 1n h g por-‘_'

-L,icn,— Vnich de&nminns 't;h va.J ue of J{ r becomc- 0TS : m:t mere s:nm_x,w.r

e to those of e.' 'free’ ha..f-get wa:th a constsnt }6 _value, .L..LJ.S phys %:f* T

plctme,is essent;.al, since it gives & clus To the qualita‘tive predic 1qx‘;~ )

of what happem a.fter separamon, wnere no vneorer-ical solutlons axre snovm

3’.:1;. is to be expecfed ‘cha‘b in the separa”ted reg":ton ‘c.he Jet—like behavio‘ ;

#4111 more proounced, end therafors )ﬁ uodorgoss only smell veristions, |

Whike 43k the variations: :m me flow 12« i be reflected ix}._ £, ‘-The :;F"J’f-

flow of i..nis Lype is observed, for ezamp e > :m the lamina; boandamy layero _'

~ N s i cn e o e ... - R
- TETN e Y X hata L B _ 8 L . . f

Ve % .e'ii_t_efgz’e;. & aearly _:ve‘;.'rt-ical ‘extension beyond v;yglggpagqtmn, N

to the wa.ll an& tu bu_ld up & regular bound&ry mye*’ a.ga.in. A compressible

shocl:_ wave interaction. Again, de.spi'te the abszalu-.‘;a isck of *t;heorsﬁic&; SO Sl




KA

information on flows of this lt:ind the qua.lita:ti /e Behaviour @f a i'eat%achiné e

flcfw in the )C =38 plane can b rec‘n cted %o fol...ea 8 z:ath _l,gou.. to the

o_ﬁé 6bs.erir.“ed for .sépa—i‘é biﬁg :and separeted *‘flows, ub in ‘t«ue Oppos
'lhe J-3e curve, after bm.;:g- descnbed gome 1oop swith small }€ variation

4 lerge f-wnatlo*x, I:eac.qes a reattachment point, generallj diatinct f‘qn

uhe separatlon pmn», aftor which}" s‘carus increaSmg a.gain., 1% i‘or in--

st&nce, the condltions ere Lmifom1 after R hmen'c, 8 Blasius florw will_ -

rln&lly 0é reached snd the 7C ,>€ curve. pu.sses through the Blasius po:mt T

' a.ga.ln. o - . S S ok

ans;d f'z:a}:uy '*bj;ga case of a ’wake Pormeo. Den.uud a uouy, whefe

tynicaL boundary la.:ye:__r _i_)— e just upstream of the base of tn eody to a.

j ",',-_'4;"_-' ana é{--_—: l _: In t“he

i ‘a_w‘.’._ pla,ne the nath of t"he f.Low vi“il bv& repros d bg a smoot“.h ‘!1ne c0n-

For a blunt-ba.sed body, aa in the compressiole 1*a.:se pressu;e preblem, c,or-~

’ditions in the wake Just aft of 'cbe bod;y ere simllar to. those of & Bepa:ra.ted '

flow, +he 10*’r vo?ocl‘cy region being 1n +hws ca.ee represemsed by the "dead—

- wa.ter ragiom The. path. 1t the ;f: 3(’. plane will be develcped a.t first as

in the cage of reattachment (where y howeve %3 the “e.ll influence ia nsgligible)

, ,,hrough a line of nearly censtant }C Then_}ﬁ w:!..l =tart incrga.sing, until

far beyond the body X me{ §~>-l "‘he 1’—}2 curve for this f.!.ow does not

neceswm Ly pass through ’che BJ.a.s:Lus po’iuu, ..ut it is not lixely TJO mes

too Par from it. e '.- -

necting the inltia.l -)C-.}E pOJ.D.‘t (say the Blas;us po:mt) w'ii;h the yoin‘f Bﬂ-f il .y

—y
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From 'bms mscus ion fOl.xO‘riS t_hg&t__efe_{r‘;ﬁt_i*qce;:i'pjie_sfsiife’éi’é%

elpa:blve flow m,volv.mg sepeva.ting > separated, z'ea‘btached regmns and we.xee:

can e degggji;he_d_. ajs e -pa;'tl ulm r'u'\«'e in the 4’“ se plane having quelita-

S tively the shape. JL t d,,scusseia. ,Suypos:gqg th‘a;fx; 'bh‘e ‘eteva:rtspz;« transxormav
) tlon still holds 1n the aa'oamated rcgions‘ the familj of corresponding et -'_
) 3 “ 7_pressrole dlsvlpatn.ve flows is deecribed bv the saz_ne r_:urxfe;.-_ The exact de- —
- termination o‘i" tha:s ‘;uisve :ctequires the ccmelete solutien .o'f:. .tl'ie £lo¥w,. hich
o can. be obta.me:l onty. ,in the case of uneepara'ced "lows . since n.o known meth
: -_,;\—L ; ..-._.3..3 mreila_biei_ ;t‘o,x"‘ th_e other cases. The next step is there Q_r_e'_ to jr_e'plﬁ-?_@\'@?l?_ |
| ' e t, u”ve m:bh a, uite.ble *anpfoxima‘blon, - E _ \ RERE— o
x‘ o -Bsesed on the pre\,eaw')g qualltaulve L-cns1derat1 ong it apnears that
. N.A_ :.7__, . -_ ‘Qh_e loop charar‘te‘f'i_zl;lgr %:he sepez:a*t-,lon-“ea.ttackment case can be replac:ed
_— - .;““_ - it __h::s_:i.z?g}._e_,.representatlve mean ca.rveﬂ, mextended vertif‘ally f }& _é “::-”_ Yy oo E
L ) beyg;;d the . _g ta.on point (,Jet—l.;ke behaviour in se:para.ted region). ’Fo;r_ -

§ :.nstance the -ngle mea.n TUrve can. be the theoret...cal f-}ﬁ. curve for ‘i:he

I,', i ':'s mex ‘ &;‘ b i
o : | . ‘:
|
..'..;‘I;

~ . Falkner Ska.n s'elutﬁ‘onso Moreover : this curve can be extended up to’ f

. E—— 2{ s, and in this wey it inciudes alsc the wake-uke flows. Héwé_ﬁér-'
ﬁ the vaLue of }e. et scpara‘bion gJ.ven by the Fa}.kner Skan solutz.one does not
_ _g o ,-eoq.fn‘c_;c_l_e zuth the aQJ yal‘ue for the frae get given by Chegman e eoluta.on 3
E‘j‘ - ‘ N le.e..-ehé;*tx i;d Elgure 2& .enc. could ;xeglect ‘bhis s""l’ uifference in ¥

"“ ) | ann extenu %ﬁe Ee__‘.:mer-Sma _c : . 7 in. E"..g,.re

O 09, U.ullize an mtmpoia tion 3

(In order not to

i) .
. 99)




‘I’hus i’ ( };9 ) in Equahon (,,,17) becomes & general mefgorv* o all y-_p'es

of 1ncomi:*ess1ble lowo angl herefore for all types o- compressi‘\le flcwe_?_ 7 . ;

-Céve‘r'-i-ng the caseé of ,s.emation, r.eatta"chment and wake f—low.. In otaer

;A B _vorc.s‘ the assumption is madeé th&t a slngle pa,rametnr, >€; E or better f,

_ is su.ff’icie.d to cha,r&merlve the s’caue of ‘che fiow ’chrough all i’ce possible
't
H

&nvexopment, Of courde, all the’ 'assmphons and’ quantxtatat—ve consi‘deratmons'

Y'egardmg the £- &”_- cu::ve should be thougb of as preliminary, and may be

- 6 1;?* Rt T LT oo
= 7 ' ' » : - wlth ST
It plove.s to 'be more convent ent lauer to "ork/ the quantlty F,

- thZl.(fh is u,latca. 0 f by TR o D : ~

In Figure 2b the correspondmg Fc‘aﬂ curvea for lamimr flc-'wa are showno

( Nofe that in wake-like flovs, when f a.nd ze.—-v— 1 F — o)

Turbuient Fldwés 'w'h-i'l:e th‘e leminai ©&8é gives the posaibility '__n# deﬁeémiﬁ-‘»_m ,

.Lng the important relation (2 17) and the approximate behavior of the gu&nu
‘tltin irvolved frem *Lhc,or@tw vaJ co;;s;deramons, noth:mg of thls klnd Ca.n
be Gome A the turbulert or:'..sc, oew.use of the a.unosr, GCEEZPJ..&'GG iack of S

-~ oo= sr0 o o = g o PO Y E &

‘cheoretioal knowledge o1 the effch of compressibﬂit,{, ami because even

AT R
o8 N o
?
3
1
1

- ) - 5 - - = . 5 £ o a-- - *‘!’ - -"V-
j :‘I_T_ e i ' - - 7 B et ST o ' . S -'.- - -~—~ - T 25 ;-7__.:'-‘-:_\ R g . R

R O T e
- - LAt e e e A Rt

~ s o=

*This procedure may recell to a cértein eitént the method of Thwai{;esi)* S E
o who used & single mesn function derived by. comparison between known aolu- g
N ) tions in his guccaasful treatment of 1ncompr4\esinle lamnar boundwy l,.yers i

. with & pressure gradisnt. . . - - - - §

" it o e < - _ v —
e T N . TR q Y [
~— 1 #
A N
e CoeE - e s = i 8 1 i s C o i e e
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_l_--‘l;i'e_j e*‘.z_fpiv{cgj.-u informeﬁ on in the inconmresmble ca.se 1-’8‘ v”e"m-r mea*.ge'i'?-n‘ "'."ijz,e-
- pésegﬁi-)ilﬂ ty of r'onsa.derzng the vewci’cy proﬂlles for an ine c*n'wessmle
boundary layer as a enc-pareme ter fam:LlJ ﬁaq been dlscusseu ma.ny times -
' bg‘t 1’(._ is not yet cleay if thisg assxmlp’clon pit=3 even s.pproximately co*rect

Cin éeﬁei‘al-= T:: the 'relocs_i-y profl Le 15 not cb_anging to0 fast then this

- aééﬁiﬁoﬁi@r -mey be cortacis h &t case Jhe cuantlty ¥ a.efined by

quatmn (2 16 ; can ega in he chosen ag the par&meter representing the state

o:" the t‘lcm, e.nd the cunr’tlon T is cemputed fram Equu‘ion (2,19) by using

_' kncmn incomnress:!.ble va.lues of” f; R and . él** rL‘he rurve of Figuré -

) 3@. h‘as_ be‘en compu-‘bed frbm\ -the la*«r-'-s”p'ee'd‘ 'daft'a of’ "S_ch\ibé;ue-r' ,a"rid' }ileb&neffﬁ'

(It shou. G 'be obse'r‘vod tha’c in the ’su:cbu..ent cage :Uc *s .poss “ie Eo take

: "Aor of ti’is £ ac:. c'uz:vey

which corresponds 0. boundary 1eyers going toward separation, is similar to
' thza.t of‘ the lamlner case 3 and the same qmlitative disc.us_sion can be auplieé,
The f-é{ path corresponding to any given low-—speed case involvmg aepa.ration,

reattacbment or 'we.kes can be represe*rl.ea approxmately b*' a single curve 3

/*onsisting of e curve J"JB'b dcscribed extended vertically beyond aepam’c.;un

T {5«@ W ‘ ;¥ apd e.?.trap leted toverd ‘,Q—E{u_'!: to

cover the cagé Of wWekesg. .

'l‘he ourve passea through the point correspon&ing to zeto pressure gradlent

(flat plates _ '_ L

% For a semi infinite "he.lf Jet" &t constaiit, pressureé{’. = 0,720, b,,r
_8frect ¢alculstion from the theoreticel {(Tolimien) vel ccity distrivution.

i - exténsion of tkie £-30 curve at thm value. of h“ should oe regarded on.ly
.. asa firs*b a.pproximav*on.

\

e e mmwm e w = i e i it = s o oA % Rt L = T Ay g RSy et e nar e ©
ot et = i (= e w3 i [ L e AT o e i Sroma v 5 . - - - - 0
e TN 5 sy

So J.ittle ig Known. a.bout turbulent Plows aftér separation that the vertir'a.l,'. U
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f comnresslbility can Ve takan into af‘coun+ exe.ctly as in tne laminar case

__by utillzing Lquatmn (2 l”() Ag a prelimma.;y test of this assumptien,

‘.good oua.lvta'c:we correi tisn 1s observed between the Schubauer low-speed

. pc X curve and the poz_nts calcula’ted from tuibulen‘b bomdary layer profi.:..eq § ', .

. ._ __-measured ﬁhroxgh a shock wave inue“action region at M= 3.0 by Bogdonoff - ; §
= - - ST e e _g- RIS
- - 16

and Solarska. in this laboratory (Flgut'e 3a.) Some of these points _cor- R .

respond to the rega.on precedmg the incident shock wave s vhere )& is de-

ining k:nmm inccmnressn.ble solutions. By Mtegrating the aer'ond. rel&tion

:_of I:quatlon { 2 108.) HCTOBS ‘che bcunua.x:y layer i,t appears that '?7}:.. -*V‘"‘ :-o,.' . |

N S

b/ P

Thereiore N using uhe second relaticm o*’ Eguation 2 J.O) the ccmpressible L g _g

h and th.e incqmpressible mixing ra‘ree are f‘onnected by the follcwing equ.ation., q ) g

(&20) %-“i‘— = '-a.?-“P.e A;& - - \

- o 5 R 5 ‘ _.:>.< -- R g‘{) :P“c d ?{ et - a0 B &) ==—=o o ; & oS -
T - Nmr for an mcempressible Plow (Equa+ion 2 5&) - - ) i

s _. . _ __ (?21) \'T\L =P°\‘~Le(& _éf,#) o PR

© 7 and on e flat plate

;,/
|

e £ (32




o T N ) - - s ) T = o
P i e TR CEe D N :
R _ — ~ R _ o N - T
] - oY
|| SERTTRN v )
IR -~ -~ T -
> - =7 _

s i wnere C 1s & -constant whose valus denands 071 »he definition of f L _' s AL

S The expresswn for dm}-_ can be mund from Equatz.oma t2, 2%1) and’ (2.218) .

- S

and Qubsm v.ted o Egustion 4.920) to_obt;a,:;nj the va};-ue _01_“ S

& nixing coefTicient k is introduced such thet B

g ) - . ~~the résult for the flat p_ﬂ.te is k z . - Y: 5 The ana.logous expres-

= c_':,a,_s.e_ i§ /&L,_ = C. ""9' B y.nd the “on-dmehqional = - el

o §ioR TOF ?,’cs'i-‘éol-";ress“r 3
= . - .expréssionl . -t here replaces the square root of' the Eeyng)_a._ds mzmber o

é P T (ses E;uaf,:_ons 'ﬁé’»E;’h' *16. 25 ?la\)« T‘ne -quant ity/z’_ can fa-ls,c
g

T Sy

ated for vav o¢s~o ..nez: solutions o; tb:.. lg.mmar -‘oounda:c*‘ “_ r;

i . , ’che relatiun giving /& '_ rema:ms tae“gx 2

ETTRY

£ - S ' . ef ’che» para_mgter de’cerm:.ning ‘Gh° cond.utipns «of ‘che bou:ndary layer If “tho
J : S paxemeve:c }E 15 ohosen, then C C (‘»c,) 'the game for the 1ncompres~ _

g - S T sib]e cuse a.;d for the correspondlng cmpressib]e Lemlly, and therefore

the mxing rate 19_ giﬂ}e—n by F’qwa.t on (2 23 ) Ji‘bh : N R ) - B A

oo (23),4@« Ste ¢ (}:Q Dt

- .7 The vaiues of C ( };E,) depend of course on the d.eiimtion of OL 5 _- L
- -_ = ~ . .-t‘or tha. -t..zeoreuiqg 'aoluul‘ons mreu;.y diecusbed, (_/ (?sf.) 18 given in Figure . \~
4 for the two deflm,ulons wlready used. in 'bhe ?~}€. ccmputa.tﬁ ons. — b
R A sinu.lar ufea‘bmen'c cen be glven o the. frlctlon coeﬁ;icien‘ce e =
- - ?ram E_qu&tiqn ‘(:2,:,,3.08..)‘@1_1_@ :ffql;{.'gwigg_ -jrgle tion w derivea betvsnn the ‘viacé;é ‘

- . Biresses.

W ar G e dmmm e s T b AT~ W g B T S - - i g, o e L i T T T e R it D T
o e e 3 SO
- = i
r -




P - i 7 - - = it _— W ¥ . A :
vhere the assumption 4~ T has besd used. -On the other hand I
S Q Ve = ﬁ* Qo L'Lz-‘e- e - S -
- : ; ~Po- - - i 3
thérefore, N ) : :
i Cp =
Tx >,
= _ Now for the- :—“ ) =
5 - - - Caa S T > - T
B % ‘and. 3@?31.033105 number, -
% For uhe ouh'ér ‘TRCOMPTEss ) o

_WithDﬂD(

.
.
1

St WY

i

2
Fald

i

1,
R

it

gives t‘E f J.c:tn.on ooef _c:_t—‘féi;j;: fh

5 gl;- '.i,!
SN

s

/

u L \m‘
' o

1B, Tepl&ce the particula.r functione '}E)..,

% ‘ éo’l‘ut‘ions v:.th two general Pu.nctmns 5 vnich q
£ T = "“:_ ) . 3.
moreover ha,ve to be e:a’&ended beyond separati en a.nd info the wake region, :

i -g - a.nd must also cover ‘the reaH' '*hment cage, i"r‘bir’iéiohﬁlil;y; G (.}f_) 'e.xfzd D (32) :
74 c:b‘:'é.—:'.’:ﬂ;ezﬂ.~ ;;rom ‘he Fe.J:’mer-Skén— sc,.wiozzs ars. chossh 65 "un“ivars@?,." zmti_:ﬁaa
% L However, furt.‘.er stvd;y 1s requ.wed to dete ming the mixing coefficient for ) ’
. : N e
£ !

"chn Jet like flcw "aeyond separa.‘cion and pmor to re&t‘ra,chment, end a.lao

*‘ov- vahe *?lovs vit.. a pressure gradlentu 0F r'purse D ey = 0 beyon.d, Bepaya = E

- - B 5 PR,

. Llon.;upstr‘eam o:t reattacnmen anc) in w&ke lm!sw ST ) S -

¥ - R i e PR AT - 5 o S S - SR LT B e

i
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TR s

fubre
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s i T n ot % en 5 T




S = 3 - - B - T i R .

b ae Ses el e = - - e e i % =5 e

) B N - - e - == .2_3 5
SRR o2 .

Again t‘ne turﬂnlem. caaa ceh ‘o° treated onJy bx analogyo 'F"o:b*

- ) _ '"E‘he f’la plate in ’che 1ncompresslb3.e case,. tb.e nonﬁimwnamnal expression
- s ) /I”" : is agazn a funcw o:z; Erﬁy of the Reynqlds mmber. B I:t’ it is
= = s - C o

.:~asaumed that bhe l/'(’th~poxzer le.w hvlds for tne ve. distribution, 'fthﬂh

- 'We- ré$§=l%£@:;s.-:ean h@:@r;@eg;_ . ST .' .
. - s Mo T

with cons: uant \}'a..LONS for C and D iquéﬁmﬁs, e&ii&légdius. ?bo.f(l;?‘...“ég.:)': and f(f.".‘,2§?)

e e e e ,_could be uritten, Where . and D cod.ld be considereu as. functions Of §€. ’

I . '—_ . a:nd /u e .—-'-—chld_ a.npea.* 'to the .u/hth pcw 2, Bu“ it ig dOuDT,ful if these

: 1a.tione could glve a corréct answar £ 1ncfluding the effééts of a.pp oaching

- , and of %acn ~nmnber~a T
) Bl v ‘:- seems to h&Vv bo.t .llttle effect on the ‘turbulent va.'!.ues 3. and
S bhﬂt iRBUf"lc‘ient experimenta.l aata &'re avail&ble on the sprea,ding oi‘ tur; T 2

bulence with ver;yﬂng pressure, it s ems ;ustified ’co 1m;roduce the ap;_:roxi» -

;-— ‘ - _" ' m&ti:“lthat,fb is r‘onﬁ'hanf throuxzhout the turbulen‘b re;ziono The gk;.g_—__g}r;_c., S -.,—
_ . bﬁdn.icgéfi;ieient G-_C 18 neglecued in sepa.rated flcrws, or ié t&ke aéa'_‘a'" - %

- - Bim"le f‘mtiw of 3¢ in separating. or reat eched. flowso 0f course the o
same rough assul‘p‘b:wn co1..1d b'= hade in tne lamins.r casey. especia,ily when B

: "onl‘y Bsi-h ol dole] regwns of flow are c-onsidereda‘ In physiual terms the approx.;.-

mation th&tzﬁe,» ig. constant amoun’c.s to the assump on *ha.t the 'w:tﬁ of mass

L - o . transpr:rt frcan J.sencropwc to d.isaipative flawa ig proportiona.l ‘tﬁ the mass -

v . flux dens1ty of—wtha ;sentroyic streame (.:ee Isqua.t;ion c,2 a2y

L S,c far as the orde?' of magnituﬁ.e offe. ie concerned, fo“ the boun—

o

, _ dary )a,ye_;, 8 ‘F'lat; px.ate wi‘ch zaro prassure '.",.fi.f_ 1811‘(7, Eauatiﬂm (2 9)
‘ = C = i
| —— L T Sas 3
I - ~ = s
5 )
' )
2 e

? et e s T 0 SR ; - e -s\ — T - S ~ e e————



" yields %ize"f rés.aﬁaﬁ

e o o jt/o E ('”}eo) .

hepe tae_'gvbsf?m.pt z"eno he‘re- démtéé-conditiiom 6% zero pressure gredient,

o Ar, a local. AReynOJ_ds nubher of JOE and a Ma ch number of 220, one finds

(5)

) /fi l. 6 X 50 f'ov uhe lamina:. boundary 1ayer vith 99,

. o '
Whilé -/F\’. '5 XiD" for the ur'buleno layer: In turbulent sepafatea ;lows

‘ B B -': iarm Jefq ,s_o‘nevha“c E.I-'ge" values of}?, are ez;pecteag ﬁ‘rom the Schubauer .
| '_ i 7 and Klebanoff U.ata" one fmﬂs that /}’2.->- 0. 03 sieas w..bulenu bozmﬁnry .uayer
i R ] - ,éepara.tion, ax;d 'z,h:v.s va).m 1s u'(,lllzed *’or tw*bulent ﬂlowa 1n';he p”esent'
i _ --p per ad & i_’xrsn é;g;};roximation. hp fact that the tm'bulent mixing coef-__r |
‘ - - _; S /é, is oi‘ the orde:c of teu times the..am:.nar value 18 largelv re—r -
_ m:.”: sible 'to decide whether mixmg furniahes the méin mechan;em for th»e grean ) 2 ;
sure rise 1. 1meractions be’cween diasipati\re ancl ieentropic ges streama ' 1 —;
Refinements ¢an. be 1ntroduced Ila.ter ‘when this mechanism :ls firmly eet&b- - -
lxshed, a.nd when more expermanuul dats. ars ootained on the mixing proceas .
EEE . « etk varying prasszzre—.w'»—w s e E ~"_'—_:; —_-' . iyl 'd.'-_ = R _

e T 2, l& Reductmn of r.g_ua.tioms of. Motion 1-0 e. Single Egua iqif for;Cdnﬂé_é.rﬂ;__ '

_,j s e Mixing~Coeff1ciento- S
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which ¢an 6 also writted ae’
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the e}u&tione describing the flow are ﬁm.&l.etelg du 1'13&“ prov:.ded. the.

Soefiielents /u and Cc are mcmne TQ WhRE To WS - he d:;.scussmn is

- Test ::.r'ted to ’c‘w éa‘_,m'_o o8t Lase QI ao*lsmant /ri/ sm:mned in *he precemng

‘5—ect3,_®1:3.’-,~ ich ;gerrr s 2 greab .sim I:ifi 1:1*1.71 in the dlscusslon of 'bhe im—

portant. p_rs;gerties. 91 tb.c o ations ""d., uqx-vover; at w.e present ti:me Beems

to be the most rc agopgble assumplion. in 'he‘ case ef turbilent f'.Low., on

the other ha’m C.; cen 'be re'o.xaoad by ‘i;he quam:.:. _j

) +he ls.m.;na_ case [ quations (2 23) and- é2°21+_7 t‘ne affect -
; ul;i:j.i:h is- tberefore & fundtioh; of P alone,‘
T ov-—v‘al'e ;lm,;rs ,C ;;, i8 neglléi_oio or zero a.n-é._’;hezzefer" e
B :O _é_.;'. I‘or‘bh arsy uIaue o =R T '*‘"‘?*_'"” '- “ E “
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-F:\rst, w::th the aid of l«cuat:mns ’a oc), (dul’?, ang (2 19),

f%xe’ mass flow eaue.’:,zon \quz“ﬁmn (...,, ) .ietz 7 "";Lt‘t;’-‘r’ in the fom

"
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By dlfler‘enclat;ng 'bhe walve of cr cnua:mea from:bhn.s eaua.tion vrbh recpect

to X ; &dvi 6.:mg "Jﬁl‘@l.sh by gﬁl c«Ild as*;.g Equatlon (2 26), the following

_-equatlon 18 obtamew I '_ - .-_..,‘.

1

P2

‘-‘-where the. Bernua..,ll equatn.on (Eauatmn (2 6d)) has. been emloyed to0 elfi’min-v:: o

3at\, the pressure., -

8o long a8 the deueminant of the simultaneous equat"ons & 2 8)

_ dNE : AW
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= M
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by the Pra.natlwheyer re'l aw,j on tor by *my cther prouadure *Por non—isentroplc

flows) » “1:* 5 eqw.tic i$ integrakie by mmerlcal :raetheds°
. Whéﬁ‘ Bf. = Po**s’tant a.n& 6’ = O as m separated fumc or wake.,,

Lquation (230) "edwef- 'to

Vhiuh is & Riccaui equa iono. A “smpllfied" theory has been developed in

Section 1+ fer thls_ SWpOELA, t specie.l case.

" When the deterr_.mant of the' equatlons (2 28) and (2 29 vaniehes >

the nums rator ana danommato“ of ‘the xight-hand side ei’ Equa.tlon (2 30)

also va.nish, and uh& equatiou fo:r: ji} h&s 8, "critical po*nt“ whi__c:h tume
-QWe: -
out to be very signiflce.nt .Lor +he detemination of ths =u_£9pe,, Bl utiono. .

4
2 5 Cri*l_,ical Po::.nt of x,he Equation for _a Ml ..2nd z*cs

: . s a:.gm:fiieance; '

‘ buppose, for simplicity, tha,t; only wake flows or sep@l:&ted £3 cwm

for wh;ch 6"' 0. are considered hereo ( lcws in which sk:.n-fmction is not
nng iglb}.e Cah be included in +hg analyea.s, and will form the. eﬂhjec of a

la'i'er pape*“- }, —Sl,.ppobe \.;l o *ha'* ’clxe utezml fiow i isentropico By
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N spttir*g both the ﬁafﬁéfai‘;o:r std denomina‘cor of Ecns*;: sh {2, 30) equn.; T zete’ § 7
and qo,}ving the resmtart simultancous egua’slo & for F ' a_.gd.. \"\f;?c;,ﬁ-z,’_ : :g
with- the a—id of the praﬁd’cl-:lfieyer ,Izélation, the locé—thic’:_i 'of t)a‘e- ~cr:§'%_:iéal ﬂ
A - -poin ::s-. G é*mlncd as a. f‘mc*loa o*P \Ne . or A , Whéi’é' M ; \i‘g &
the Mach mmber of the free Sx,rea_‘.. far - from the body, vhere 9 D Wllen . 1._ _s
the denomna:cor varmrles “ S e __ . ) «
@32y }@CR Bﬁ@(am » +_ x:m (\-\%}.w@g)i—é
:— pr(rﬂfi.‘éi %Eé,. :,L- @ _ Ercl %—f_-— :.D . ,or }Q =\.'f: és tie*
denomwnator never ganishes end no critlca.t. pcﬁ nt exists., _j’}}e.n the numerator
aa;s:o- -vanishes ; 7 T | ) T
: '.....;_,7:;_ \2 33) ((: }‘\(V\/ _(«\— qu "’r_ E'eca'(_; ‘ ) 3 e
wnere Equetion ( '- .:hg;s , ee.dy ‘been \;.éed o emg_ f‘y the result; Eg_gationg f
(2 32) and (2 33) defme —%i-&' and V\/e.q,\- as ,functions of Km 5 _'Singé“_ — 1
i % = O(!) B 'wh_e'r‘l k is very sm.all as. :..n,tlie Jtei%ar ca.se 9;5_,’:10
o _and  We U,L 22 W, -~ In the turbulent case; howev‘e'r,, X is not
: .vriamg}.‘_-.a For ezzamnle 5 cnoosing k= 0O, 03 on 'bhe basz.s of' ‘ohe Schu}\m.ﬁm . » ‘
_ Kiebanoff data réear turbulent 531-??—‘-:“5.3’-’3;% 3 and utilizing the F- S’Q‘ ur‘m - <
B _;iTFigure 3a snd tne. %—-& ) --c:xrve of Fig\;r::«uéb, the values of B q..,w.f\A\/\f\‘_kvl
shcmn in Figx;le 2 &re o’btalneﬂ aB 'f‘rmetw ong of V*/e, o 1‘1;.._‘5.;9156.@2‘:9_. that *‘t
- @’ e 18 aLways negarﬁvev _*'_‘ 7 . ) o . i \- . ) - §
| Now, what is the significance, of the critlcal poim,? S:l.nce &.RL O %
_it is .ﬁe@eés"a;r;_}c. to. congider- only reatte,;ging florws $ such a.e the rle" aft ‘-‘:’. :
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must cxecrease end We. mU.SL

+ha1:, occurs in the

t"xe tra.lllng eo.ae. LL other

. Flgure b)

- “base “}FQ
E

D“

111 ‘Lb_e exgress:.on for

'%‘“l

- Tlmrelore the. numeratn ust.
-larger tharr uhe "proper value

the slope -a—-—

We.

'uhe actual flow (Figure 6)

Q‘f; 9‘ = su- H. 4

¥i e 5 Bsay - © b

- ta.ne‘ously.
z;oz“zle in determimng 8

¢onditions at the buae (Sec 1

a w’.{iﬁf

*t«:ke arter the expe..:slon arouno. Uhe» snarn corn,,r &u :

is' cox‘:si;a‘n* -ai'ld" }

Vo -
t e

before the numerator du:z:ing g,he recom‘oress:.on (sinr'e d:.‘.

'bhe proper value; the mnnsre,tor vanishes before the dananmator, ‘and. 3\‘; T
L3

ve cannoi. be tlhs correct renresentation of the flow._

in ‘bhe _

Wﬁﬂe 1nznractzono~

“or éxér‘e’nl‘e.,-- Y mgat :mcrease, or B

decrease °tea€u l‘v durlng t"xe recomprese on
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éw i«s a.iva.gyjs posﬁ;a.—v‘e :(‘«'s‘é'e
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Now, :Ln the separatecx or "_"‘ree ,jet“ Leglen aust aft of the o
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dF - .
in Eauation (2430) is 1n1tia.lly nega:czveo

-—O

m; s SO that bhe denmnlna.tor

T B

Y 5. %

also oe 1mtially negatlve.,-

. the flow inclma‘cm’: a,n\,lﬁ- a.f’rer ﬂze expa,nsmn arcuna une oorner 5 m o

8{)\ s then ‘che denom1nator m...l_ v‘an:nsh

wﬂl become in 1nite at SOmn point e.nd. negatlve

In thet cese the 1‘( We) 1ntegra.1 L,urve can never represent

UL [ =445

On tle other hand, if €7

Only -ohé valu.e

o “paz* its the iﬁtegrai': éurv'e'i':é' pas‘é-

throuvh +he crltiCJl point where numerato; a.nd danomimto* vanish simu.z.~

1hus the critica.l poim; acts qomewhat Yike the thros:t; of

a.na tne bﬂse pressure for t.he given boundary

a3

T I‘b iﬂ an 1ntere°t5 ug fe.ci' tha;t the locsﬂ;i on of the critiga_ poin!:

Ades not in gene'r‘a.l coincide with the smalles+ crcss-section -of the mixing
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- region, fchat 18 5 m_th the po,mt at whicn

. *V’By vefew‘rmo: %;o Frgure 5 one sees that in the turbulen*‘ case

@c.& 7-“%
k-

o , ' - o ‘l‘he nar::mfest cross«s G'biDu- vhile % ’ ‘“‘"“ — for yJe_ >\ éi

B .. for lL\N’a :4. 7\1,6A,3,, . so that the crl‘tlcal ooint 1lies domstream oi‘
\ — ,

) tha.t the crw uxcal point_ia “ch*s range lles upsr.:caam Eoxd the narro&fest

critical po:.nt is- reachedo ' —_— oo S

Fndonu;y p the mm:.ng pmys e.n essent:.al ro.Le he:ce 3 neouuse for

' *cross—sertion. In any case, most of the r»compression occurs before *bhe - §

REEE 3038 we_—a—'r is vOSlgiVG a.nd eq‘.gn ‘ao IUE and no

AN o oex - D, - -

critical po;at ex:v_sts, An ane.l:,s:v_s of compresslon flogs of thls +ype tha.t R B, -

- o ig*mres the mmln:r process cehnot poss:v_bly represpn’c the actual conﬂitionso R ': ‘ h

~The ('ilscuss;.on oF- the rolt= &F - he eri g.oa.l point (**:?zn it exiatp)

O —~,:  . fappl:.es a.Lso to the reattaching flow in the bounda.rv layer—shock v:&ve S

o - .,_,_i': , - 1nterac’c10n phenomenon, even vhen : 6’ $ O although ’che discussion

,,turbulont bou.ndary layer-shock wave interaction, the flow problnm is un- 7

F‘*z

(ke 3. b" + @las

- doubtedly modii‘led not only by me~ a.ot:.on of ex.igo"ﬁ 1¢ticn,

CemI N

penetration of 'che frcident and reflected ghock. Wavas through the 1a.yer S TR

|
e is more compl:.ca‘l'ed and w:v_ll be given 1n ‘a later paper., In the ¢age f B~

. (see Section :6) -

SR 3% "“‘p’lica -icn £ the Base-Pressure Problem in P.Lane SJ;ersonic Flov. S \

in order To 11lustra.te the concepts a.nd methods 3 the gemral )

|
|
® v . ’cheory is angl_v.ed fo 'Lhe problem. of the detemination of tb.e base pressure = A

for-& supersonic air“oml m.tn 3 blmt trailing edge and a tu‘fbulent wa.keff '

w o (Figure 7)% Cons;.der thé smples‘c. cade. in which the a.i:foxl aurface is o

3

e mcs

; — - "‘/ W‘Gefléion of the theory %0 a.xially-symmetric flsws end apm.zcm:inn cO-
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) pay rallel te the llgrm d.grect:.on at the trail ing edge » BHG the Hach mmber ) g

ausu bef oze ‘me expansion arouna the * corner is appmxmate]y equal 'td'thé o ? E

: free Gtt‘ealé av't:.c‘l number. ‘ the rcco’npressmn in 'bhe wake regarded e.ﬂ - ;3
isentre'oic the Macn nuere“ far downstream is again the free stresm va.lue° ' g

The values of }6 and F at the critical ;po:,nt ere then completely de- 5 E

. termined opce the non—dimensional muing rate o k;, is known. In‘tgg—raj:iox_x of ' g

) ‘ Equatxon (2.c30-), may -be started at me, 'cri-'!':;c'al poi'nt, and p'r.écéeas: bé{iﬁ _ §

- downS“.,_‘éeam in the wal—:e ang upst”'eam *cowara Tl E a.u'foil trailing edg;e. Since ' ?

- 3.

o 'p,guh _num'e S810T and denomlnafor if Fqua.uion (2 30) va.nlsh at. the writical .

-*_- T e - pc}l;m & pav-abo :1'-‘- 1'1' &4 Dy the egquetion ] . T . H

o T TI e I: e e O g N -

S - F ( ) (We Wf‘:ﬂ )“’ ;1] ( p ) ke @9@2 R,

ig utllized 5 ~bhe immediate v:.cnuty of T,nis ponz’co [’fhe valtiep 63‘_‘ (Er“ )C [

T from Equation (2 f‘)** )
% If the 6bliqué ghotks in ths veke &re. suf*‘;ciently strong A ghock vave *‘*1
. _ . losdes can &lSo be taken into account in a more exact. ‘calculation. .
** It Would slso be pos sible to begir: Lho m’c_ggration J‘ust after the e:pan- .
T siéa :_aj, the Laya-;_Jl:nr edge, m:cu vvr*lous trial values of B- (or w,:_ ); .
= \_\\ » Lo — i \ B s Sy - —

s éWe. ) 7 g¥e calculated by subs utlng the Q abo.ulc repregen,,a_

ﬁon of F(w;,) 1n‘co Eciuation (230)_7 An ana.lybice.l representation of the

Polorel s aeom i LY vores A/rn“._g SRE SO e

e _ourve 9-_' ’s‘ ¢ forh $ = 0. yc:yj‘-l- - Q. . 10382F - 0. Joo»a - O 449 {5F

© o ceogsert - 0uogohER Ao o4505F6 ie emplob'ed ness the orrticsl potnt, N

appropua,tﬂ pelynomia.l appro*flma blons xnvolving fewe terms a,re utilized
away from tne crn;ical poi n’c » where ’tne .Lntegre.l curﬂfe is leas eensitive uo . g"
the J.U.D.Gulon 3{ ){’F}

g\.il cen be calcv.zlatea mﬁﬁel‘ically wrch sufficient accuracy R
e | a

Numerzca.l 1ntegra.tion is uegan g, 800 a8 tha
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g o -~ - épd Feo 0. The -‘“mpe‘:r f rmula’clon of the boanda.ry cond:.tion at. the tra*l-
PR 4 - )
% - . ing edge, on the -other hs.nﬁ.—, equires e knowledge of the process by whicn
i . ;f o -
e % LT R ’c‘xe aoundax:y layer £low at the body svrface Just Upstrean: ~of tha trailing
:. . % edge is trensformed to .the wahc, flov dovngtream o,L 'bhe uralllng edgeo No
-k ,
L -8 smilar:.t: parameter exi gte for thls viscous f‘low, and t“ne problem is fur’- aE
. - , N |
LR ther complicatéd by the i _C.“';,i between the vigcous flow and 'bhe 1
B S _; "external”, isennrop:.c swersom.c expans:.on arome. t.he ! corner s -In ﬁﬁe‘-
Ls B F~ }6 dlagram the ectugld: tr&nsi‘t‘l on l~2-—3 5. 1nd1catec1 by & dotted cuxrve -
3 - ' m tne accompanymg sketch, ) S : '_‘_" _ —-,_— T -
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) \g; 3 i = e
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SR : : S 3
fs -8 A T conz:::.sts first of fhe o‘@ansion 1”2 3 in which a—e 1ncreases bacau.se of
T the un:fomizing effect of the expansion, &nd F _ncreases because thn -
(roo‘cnote cntimisd from pr cceding page) S I
and whus. determine the value of 9 for which the 1ntegral curve pesses
through the criticel point {see Figure 6):" In fact, this method is. the omly
. feasible one for: the genera.!. case when k is & functicn of m and ¥ 5 OF Lo~
‘ lelly-symetric supersonic flovs 2 where the. relation between we am E} -
is no* known a priort. - . )
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~ dead-water region is mow included in the dissipative flovs
_ - smocth adjustment 2-3

~To be congistent with prévieus Ephre

A subssquent

qcpufzt's':&b a ng@i@igzj\,. ;cf!;ose Vto, t')gjgt' of a -f‘ree? Jet,

imations (8 Sectmn 2.2} 1t is assumed

that point 3 lies on the verticed c,zg‘ ngion of the msan F—¥€ ¢wrve (Figure

s A re ugh "dl .}_ ;n itnc'iwif: ates ‘L b the “i‘ree jet" :E‘ oW 15_ es--‘ 5
_'bablis 186. in a. d:.s tence 1e s "chan one bomd&ry la'y‘éf ohlchneu_. s 5. C g‘
k _ Provxded t}:@.ﬁ t.he raiio of‘ bound:»ry layer uhicmzess to aiz'POL-.-_ hlclmesis é;l;‘ 7
‘5'; - :'the trad.lxn,, edge is sma.ll 1'b seems jastifled to trea.t the _::L‘QD—LEM approx:.« _': L
-_ _ ﬂ_ | matel aesuming "hab the transition +o the "free Je'c flow occurs;_ over a - }
s ' : nééi.lgs_ble fi‘)‘ *’j“t‘.:iff_;'i:fx o:r tpe 'we.ke Juer Y en:.m "cn@ bo&y, aud uhc. n‘giﬁg:ﬁb&é —- -
Mg;“‘ :ﬁiixiné ‘oceuzs. bétw __n ta-,\ ;;__c;ihé 2 agdg, g’f.—_.—ie;.-.,ﬁ g,\, mb - "L‘he actual »
%_ . B - integrating ._u._gp,a'clon ( .~3_o) from i -fi}_t—.;i-ff‘ —‘fift tuf “Be ?t;g%fo%l, :
:§ . mmi o ‘bhe -r:I«‘:,-'—: ‘!}'Q‘_ G is! followed um.il ){ equale ){ A "5 of the free ;}et
< _ wvelue, and the 'fe.l“e 'c).f" ¥ is g 40 B8 cc_st&n the ‘re&ffer and ermaT
-t }fe‘\ —.,: Of cou:cse, Eqmtmon {a. 30) is replaced by‘ Eqﬁgti'dn :(2.-31_.) in :
. ‘mxa reglon. S T o "_ -
. To this approximatlon ’che boundary condition at the trailing edge
o :"‘"F-v_zt"-“”g o0 _
: | - (3.1) | & = _b__. _-‘r « _.C_;:.. — ‘ i o
R T P :
trﬁere h 'Ls "che &ir c;,l‘ —*‘;n.c’meas a.t tnn ‘bra.d ing edge, _and the value o*‘ d
. ! lies scmevhe,ne b:atxgoeu §y , the boundw-y 1aye1~ thimmpas st the tre.iling
‘L -e,dg,e_‘,r aud ,§" i, the thickness cf uhe "PPes« Je'b" mix:.ng f'egio ( noint 3)
] es banlisne.e_ duw*‘ aJ.{, of the issutropic e:.;:ge:jion arcund the tre..‘_ling edge
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Two. aif;e“en‘b tyoes of t’"c.msiﬁlo'x between Lsmi Fit:xy and. wroulent flow :m
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Cer’cain outstanding charac‘ce“ismc of seg:are.ted an&. re-a‘bt&c,hing

flows dnu Wakos he h:md plunt~based “o;.l.cs sugiest a.h.;" t“he ’cregtment of'

f.hese Ilovs cen be somewhet u__mp't.ified with tha aio. of a very fow §uy°ic&,l

'approximationﬁq_ The aim of such L3 s:.nmllfied m:.ang theory is o furnish

an. approxmate deacrlpm.on of - the ma;n charaﬂiezlstics ef separavg@ a.na -

_re-attaohmg f.i.ows, in. sx.ch a. form ‘bnat sone. general conclusions cah be
a.ml, &nd, a clearer lns:Lght gained into ‘bhe role of‘ 'che mixing process

513 "th 588 f.Lcws'. Of cour se the resu.;ts of the simpl:.fied approach must be
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Coz:s1der f:.rst *t‘he flet:.’ £>+3 tﬁe ‘wake ‘bahlnd a avnersonic J. .

.'m_tnga oxum, t:z:a“.i e\.c,
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o }C «63 » 1:.ht= com')lete (&pprox..ma e} .3 ‘tion is obtaipsd. -
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of the extens:s.en of t%ze vertncal 1ine E{ T co,nst dorwn to f l. and

the nomzontaj segment i’ l up to 5—6 .=_ 1'. The corresponding curve.- 111 -

. the "-“ar€ plaue is cctipesed of a vertlcal l"ne and &n ar¢ of the curve

I sb.own, for exauro_n 2, in Flgure 3a. Especially in the tuz'-f 3
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se. tms apnroxmatlon is not too far frem the ac o..ual F“PC curve.

The two “Flow regions mll nox-r be distingmshad more sharply by
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“thé condi‘bions Xf const. = )/&, in region l. ‘Bnd. f e*l bf J & é{ %

ih reg on 2. The diiferen 1&1 equs.{.len cox:reSﬁonding to me firs’c region

’ is the L\-Cb&tl ecuam.on gEquatlon l2 31 )), the inueg::e.tlon o*‘ which gi“’m

( ) in reg;en 1. By integratu.g EOU&:JCJ.OD. (2 89) vl‘l:h 3{ \re. J

'g,-f 5 thL fgss flux—m is obtamed, 88 & function of wea _ ;
) ) “dhd . -
e ,,(2_.,'2_7)_-@5. Ves d/ a8 a i‘unctmn of‘ Ve ./ by ubii; iI‘

r'éeb_’g@; d as "antions of x a‘n-:nnalgia_
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- -~ Im xe 5mn 2 the goverg;p,g_ equaticm (to —be g:.ven later' "4 thgt T

correspondin:., uO Egua.tion (2 30) m.i:h ;" X0 e.m; :f-)"‘ ':'- ('} Ey properly

cc»..necti..q vhe 806 du.r.O.Lm o 't:he two regions a.t the junction point f o 1,7

Actua.lly, a different arﬂ somewhat more. direct pro'-pdure was

= employedﬂ, ag follows..;
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M'ﬁisi;;ti:bu’cioﬁ—ac‘ross --the'-',jet. In thls reglon b{ = conatq-}e

3 and
by utilizing Eg

uAtion (4 l) the momer;tmn eqv_a*‘w on (Eguatlon (2 9 ) becomes ‘

where the Bernoulll equatlon (qu, don (2. 6&)) is also employacl. S:mce -
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X (De I ST ST
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S maa _'.‘—-_74—«.-;%',\,\-;@ i a8 s
Felation =% £ "’i =< for the extema; .f.’lew intrmuced one
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) a :f:lrst approxim&tlon, it eeems Justified to. regard the va.ria;-. o - F
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S i 'J"r): appearmg in Equatmn (h 14) ag - ofT T

secondary importa.nce ucmpared to the variation in f Actually }QJW Q. 720
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| fme fancclon J(M) is taoulate& in Table T T snd plotted sgainst Mach puiber

in Figure 0.

. : By utll:r.zmg Equat;tons (’4 5;, '“{» 6..} and (Q.G’b) e.nd Equa.tioz; (2 21-!-)

. the \ a.tion o*° 9 3 OF /__j:»__ with axial distance x, 19 readily calcu_ated.,

When trensition occurs 1n i:he wa.ke 'che mixing re.te pa.rameter k

is a.n’uroxime.ted by <3 step-fu.nction, as shown in ’che accompanying ske’cch»cb.

. e o *--'-(«GTR denows 'bhe value of 9“ ;it_«which abrupt lam.:.mr;*t_.u:b_u;qnt transi-
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: - . :
.- =
N .
—_ -~ - ———i * o -
= = = 5 = e ol = —
= M

- . T —————— . A e St 8 Sha e oo h o e T
4 e L Y \ g S ¥

T AR s TR MR T amOSE e R e e —— o T T Kol e s g i L e AM.—».—' -, Bt " - T gt P e T ot
. U T LT Py a3 i il el Do TS T S e nmenem oy T B ey 05 -
E - - - S e S N - s




§

iy I;Qy )

YL

=7 = T T T Lt el % e g e e e S e NP
T T a0 v £ tee A, G IR IR P N o ',r i \
Wmmmm Y st H ; 5 AR AR Rl 3 St = M dilrs 2
' . o ' B . 0 3
3 ' ) . . 0 ' i
g L f . a . N R ,
5 . ] N . A i .
" ] a0 . o g 5 ) G e )
v < . ' . . . . =0 W . s B ' . i
e ' 5 .
i}
=
4
.
l

Lo S 1 (6,8)=~— {_J \:M})

E; .:: o ..: : - :7“.._ 5 - El, —- Aezrg-éi\——: '.—...i .

TR 5 1) o[

R _ o ,9?.,.,/%

: - “The integral appuarfﬁ;g in the Felation ’bet:reen"@' and x (Equation (k- g" :
o 8lso evaluated in tio p&nta. Deta%ls of the c_:a.lcﬂation are discnased La.te,._
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" rle‘cermlning +he integra) cuxve must therefore be assoc:.ated vi’c.h Region 2«
: . K‘*‘ w,
- In ‘t‘ua zegion }«J...._}fﬁ—' j and f & ._‘s.,— or 49 3. and
= e
- the equatmn corres;oonding to Egunfion (2 30) 18 '
S éwp -
- Th 4;;:bica.l oo;n‘c of Equatmn (4 ll) Securs vhen 'W \/ ?___ 5 ;_c};i}
I ‘ - f\f\ - l O, an&, by analogy with the exact solutlon (Section 3)
' o _. ‘ in‘cegral cur\rs in region 2 is made uo pass ’chrough this point &1&6@3‘ i
; : ) 11; lies 'Qu‘csida ‘che rogw on 01’ real "lowaa ‘.'L‘he two rea_Q_ﬁ are. 1‘:h en Jjo
7‘_" . ) o by :gé_quiring.taat R; cqval __;(3 ! a.t _:bhe 1unction uOlB.'ta Also :tha dpaa-
S AV ter. region is assmnea to. :anirh'at .gg;_ ;,,_gnd th,, foreét__ggé L
B incides T-Ti‘th cr _j— S e G
T ; Eqaqtiozi ’h cl.}.) i :n,megfated uy wo di\’fer‘em; methods

" ifﬁ!;) When M < c_oo ( approx ) -L.i.v‘_;_. i3 80 smalJ. ‘Eha.t‘the equation can
=k 1‘

L ' be iﬁf@gmted b;y an 1fe:cauion scbeme i which jv\j& = @ ~in firet
' apprexima.tiona By sul"zng the equation obtamed by setting the mmerator L

. ‘_' of the tem on tha rig:nt-hana side of. Equatior (4 ll) equal o 2610, m

i ) e ;
A fj_nds Y ~ard thereforn . d For - a8 L.um,'cions of Wa e The 'value—-cﬁ‘--' )
e : _ i S

W v o i"Je so deri\red is unen lntroduced on, thg lefft ha.n,d sidi ?f quwﬂ(:ion~
‘IW T ".'!‘) an;x the r;sul'bmé, ec,uatmn ie again solved foz: A f (“'L) ¥ etc., ) .
:\ :?w” {2) wnen M ,‘; 2,0 xupprox 3 tne fJ.I‘ot scheme a ;
ently fast. The integral ¢urve .LS yhen obtaiz;ecl b,{ pp.&;sjng avpa : “‘Qola
vwith the corrett 3,lop° aud curvatuz'e throngh 'bhe cirv:b}:s,—l pomt a:‘g W]
ST SN gy i P :.,L YT T
P " ) o (A Py —— Py 195 pe. =
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o 2 18 shown in the We- w“,_._ slaze in Figme £
weke (% = 0.03).
’ L 'La.insd by tha ‘methods descr:.bed in .,ection 3
- __‘pa\.smg ‘alr«*ough the -ooint W, ?%-T -

- AT T }C_J é"){ £10  nas auy rCality ot

- - S -,:j._ [ ; R ) T — e - -; N
_Values Obtatmed for O _é“f_c }F\,_:‘a{, e oo 120 aré u&bulat d_:beg, oW
e . . o oo ‘ 3,{0 : . R

. : _a.nsi ut:.lizi% numers.cal ingegmtzon thereafter.
to the scha,e utilized ?or the - exact" equa‘iaon (Eq
The restu.t of & tynical :Lntegratlon for the flow in regions 'L e.rri

'.I‘he d&shed curve rep*esonts the zmere exact solution ob~

onl;r the segment on ahich

‘I‘his metho;l is similar

e S P, In) <2
U-I.\IM {‘s— 033} }

-

rM -30a.nde.tui°‘5ulent

(("learly f‘er ths cme

. o . 1.5 .
U Tt X IR =
S W
e —_—::_H 7‘rn:xza;v‘.lv.m o.f.‘ ?-. &t the JU#C;AO;I ‘n;o;nt does"not di "er a*pprec_: :bly o
] frcm v’ -8Q ICD-&L—& character of %he Sol;xthn in region 3.‘,*3 not. very '
. Benait;ve to. sma.ll errors in the valun of ve as deg.e fmined by ‘bhls B-Pél‘m;l:i |
ma.ue methosl, - _:-—  S \

Re—a.tta.ching I‘lewso énce it' is. knom. that 9’2

L. Region 2 e.re small, the main characteriatica of th.e mcm*ession

or of re—atmching ?Jows 3..«3 gener&l,. ca._n be ureda.cr.e& f’rom tne fom of the

and ths jeigemnrassion m

wdkes,

- - - SR e - _4 - : ) S e . = S
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momeavum equation and the flov -s‘oih;‘tigﬁ -i‘ﬁ 'ﬁe 1@11 (Eqmm;:ns {509; or
(h,a), e:nd Equa%,ions *’ 4.i8) and \-1& -8)) ). By referrmg to the mcmanmm
equation (Boum:lo {2, )) in Y jet-like £I6u (’7/ @ H Eer )
 Bégs ‘chai. he Falue of .Nhe pressurg riee A/p tmes . mean é- 18 equal _
to the momentum transported to the d..ssipative flow, f ue dm which is _

of the ordsr of ma.gnitude of u_QI\W\ minus the net change fn mcﬁentm‘ .

)_,

of the diss:.pe.twe‘ flow; vfhlch ia of 'the order of mgnitude E’fs uke, AW\V

eU.e,
much larger ig otdex of 'fs..gnitude than \m .

i By mﬁking use of these approximate rela.tlons o*zs finds th&t (roughly)

Lo, L.n (f g

c.atic preasl_re are made possible by the traneport of ma,gs \and m.mentm)

-+ 2:(3 Dvg L New  AWe A AL a.iid_' &‘(\‘”\ -.,,is 2% - )

to the fnte*nal aissipative flowo This .m,ch..niam .18 nst bﬁﬂIiﬂQd to aupez'-

sonic flows* it *s undoub‘cealy 'the ma.ln i'actor in the rapid pressuz‘é rise }
onser?°d oh an a.eroil in lew-spead i’.wer wheu the separa ed lz’mluar flczw

re-s.ttaches ﬂ;se,w 48 & turbulent regmn dowmtream of the sepem :L@n

bubble" ( sée, :t‘or example, Reference _L) Tnciaentall" for & give&a;z—

ing rate one would e:rpect a much larger incraaae in presaure m'cio at high )

N S-S et ¢
velocitios than 8t low velo?_-{-@ie?:‘_ bf:?a;us_ze‘ bp = (2. Qe 2 _.

“Th»is ~é‘6nj‘éctmié' 'a_ ,bq ne cxt bv t.hg fun i~i cal caloulatisne o be Alscussed

later and by experimental ew.dem':m o

: - - 3 - e
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(J, 1tative.1.y tha fom

attaching flows or vake flowa ean be predlctea from ’che z'ela.tlons (1& 6) -
(h 8). gi 3 and the*efcra :é—-fjx '
when f > > f and reaohes its maxmum value very rapidly Hhen 6- =%

It -'s clear tha’e

B because of tha exponenma.k char&cter ef ths 5. -8 re.:.atmn. Ihe variation

J—

of

w.ubb (9 “for Macn munue;a of 1.5, 2 o ami 3 0 m inusmtea

) for & turbulcnt vake (1; = 0 03) in Flgure 325, wh:..s.e F.; uTe: ...E’j shws uhe
correepond.mg axial si,a:mc pressure ar bb.tion for these ce.ses. A typzcal

case Vi‘bh tra.ns:.t.;on in the wa.ke is shown in Figure l3a 5 a.nd the correspeud—

iﬁg pressure d:.strioutlon .LS p.:,c‘i;r.ed .Ln Figtﬁé l3ba_

kturb_ = 0 03 e.nd "%ec = 2 b 106 For smp1 ic1ty klam has been ta}:en constant, )

Here M = O PR

t 7n 2 3;; and eqnal 'to che flar. plate value O- OOZLQAL

(see d.nscussion 121 Se

6t Reg e 2 % 166, (ﬁ"é‘gafée‘ numerical emmplns are taken from the b&Be‘pI'GSSm er
- ‘calculations te b disvu.,sea. .1atem_) e . T B S

- - ,-M_'"_-' = : i" FoaT - N "N__-'-.---_'___..._ﬁ
I j“_‘*" CFrdm Zqu ‘i}j.oizs \L?ol)ﬁ! é.ﬁd g £ OD ) @and: Figurea 12 a.nd 73 i.t 1:,- e
. _ cle& Lhat 3{- - 1nc:reas very rapidly with ~3-- . yreaa.cted
- _ - ‘_R_': -
frcm the qua.li*tative discussn.on of re-at a.ch.nng flcrws (page 2&8) s most of

- ;éa ) ,th ,Lact, by Eque:cmm: 2 6&, and (lt- _6b) @éc} -

*oughly, Vhete z\.:: a.jg-':m?ur ‘(fl""/ ) - an“d W 15 some average

Mach mxmner,, Ta the bage: preséwe preblem, f')r exa.mnle 23 wnen k is eonstant
_ 7 the“base prasaur”e“fatio drops as Z%-_ or %* igcreaeea, ‘burb af_é — B
"'d' singrate {hlgh : E— ‘, B o ‘
o S’evera] important goncl uszons ce.n be drawn fmm ‘bhe approxmate
} FE : ;;laﬁaiﬁﬁ abc“'e {Equatlon [ 6»)‘* - _ e, N
Mo P O A C SN I P g O S R N I

R e e

e
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(l) For & s*oec;.fled valu\, of -%{-“ one finds thai. QN .:CE: 5 OF tha cowgm
CR .

ﬁressi'dn, ag measu:ced by £he isentfopic flcm' aeflection, increases with

increase in mixing v'a.te, Since the pressure ra.tio is a mther aensitive

cPur ction oi‘ @ K the ma'fxea ch.ffe ance ne“veeﬂ la:&mx r.md *tm‘bulent

‘r'ewattacmng i‘lows ig TOW placnd on 2 quant*ta’tmo Msis. Figures 136. a.nﬁ

l?b hear oub. the cc_mlu_szon ,that the 1aminar portion of‘ a. flow with tra.nsi—

tion gene"ally contr ’nutes very J.:Lotlo to thn reccmp*ession. STl

(2) Since 9 ~ ( M I\/é' tne 'oressureuratio ‘$ in a rc-a.ttaching flcw

1ncneas°s qu.te rap* aly with iviacn mnn'oer f FLWG_ 12'13 éé;re._ﬁ &o Section §m)

3) g 18 Senoiug.vr: vie] "th" N

S..""g_ai%ﬁ:c-:e; Flovs. ) ,'T‘he apnroxm.ﬁmr.s h'\+‘r'ociucec’1 :m Region i of the wake._.{:"

‘behind & supersomc almoil wlth a blunt 'i're,iling edge {Sectmu. l& l) are

&luu a.pp,lluanle to separatad f‘loxvs w*:m a suueraon_c externa" stream; whaze

the *-n_%.mence of the viacous s’cress at the surface is negligibly small An

la of‘ uch a flcm oceuirg in the laminar boundary- J.e,yer- -

impor bant examp

'e'I','“ & la—-iu.a-n ln

ehock wave. mteractmn,

:.nc:.&ent shock., .  :;—~- L e el m_ I I

CIn -che »sepe.rated flow region,

b5
. -
- - - - -
3\ m-wm&mh«—m:m%» it
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g o e where'_d's' 'is é thi ' ative lcw and b’s is “thc flow 111«

1@ &7 . ~ - - -

7 clmation ad separai.:.on o [ £ course the m_lue of 9< cannot be med’c‘bpd

by the 'jg_impl’qiﬁiea, mix:u:g 'the'or-y; ﬁ:. mus:u. be e’-:st&ined ~b‘y Zrm- 'ex’censldn\ -of

- the usuel boundery layer ihcoryl”, or byﬁ 1nueg‘ration of Eqmtions (2»28) h .
. B
o and {(2.29) Wi @0, R varigble, dn sultable boundssy comdte |-
" tioans. ih'ls Brcblem will be discusse 6. ina Jﬂ._*tg per er 7 By referring o _—
e ~ to tﬁé .éxpressb‘sohb"f-‘ér %—‘9- . LEouatlon (4.8)) one sees  that §> &l -
- ' ‘_ i’cs ma.xmum va.lue _Ln tm.s c'aae a* the sepwation poin'b 5 ;ni -drep-s 'off very
— - | _ra;_;idly aoxmsr,ream, oecause‘ of 'bhe exnonancial cba.racce“ 01 tb.e { - & S _
S B _; | -3; ion (Equatiﬂu (h.;.a)\. f’m examéle of. ,such ; lamiz:u' separai;ed flow _ \
3~- R .’L-S'--.*:ﬂusuirai:e@ in- Figures lha and o, _; B ~ »'_ — , ‘_'

- - .ﬁ...-_:'_;_.-',_.._ -~--.Eere- - ixex . fé 41333&.1'_205/,_;
: .S SRR

A pressure dle}tr

'0“ "de‘&ached" *’lous 9 and aleo of' tmaalem: s.,pa.z:a’red flcw&,

T - o crease J.s corresnommg y 3.arger° A prnasure dlstribmio imi:i;ax to rl;hat'

'..hown in Figure J.Lb ws found downstream of' flow dete.chm.;nt in an overez,n nled

> S supersonic— rocke*c no;.zle,"")g . ) )

n the r‘a,sn of the lamimr bou_m... A" 1ayer ahock wave interact

_f the reg:non upstream of *he incident ehock is & separa.ted flo*w 3 hhile tha

k ) fow downgtyean of thé _‘i:efléc‘te& expansicn fan iz @ Ee—atﬁaf@hir}g flc-w'. 7 i

s - s . ’ S ) o R - R e LA :

"".——:—::—:':-_‘_—_;? TeETT Y S "-E'”& .. i " - o e - i e Tty e - ‘im

’j‘. . __ .. Thus the S sha.ped p::essu'ce dlstribution oh uhe' surf‘e.ce observe permenta.l.ly % 5
."“».{{ es . - . ~ R - N oL - . S = . N o ) r“’: St

} * 'I'l*-e flo‘r conch’:tiono at sepa.ration were compu*ed by,i:he approxima.te _ T

method of Reference k. The valye of kygm 18 teken to be constaut a% ‘l;he

S . fian-mm,a vaiue for a I\evmlqs nutbexr equal o Re o a & Sy
_ _ ‘ : . 9‘- SRR ELs

N p S - _
o - .~ = = 2
S - 5 _ o _ - o
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) wh:.ch greatly inurea es the mxing rate and preasme riee in thie region. ﬁ

; '_ The other som&ary uondrtion et tm: Junc'.a.o;_ of the separated and re—:_ "'; _

- _'geg_«_a 'oressure pro'blem i‘or the case vhen h‘ansition sccursf i o} the wake

is understaudeble. Provided that frictionie neglected; which is strictly

eoirect only 1f tHs plats 18 cut '.off'at -th'e %eéiﬁlﬂﬂg‘ of Regicn 2, the rg_..-‘
attaching flow calr be treated e“actly as in the baee press;n‘e problem.

_ ‘Iherefo.ke ) the laminm' boundary 1ayer-shock veve :;‘ 1ter i o3 problem can L

bé solved 8t least e.np oximately, by means of the simpl*fied mixingg t‘neorf 2 ‘ S

_ ;provided su!.table refl ection condi ion for the 1ncident ehc v-feve ".,..§,. :,

'i;nti-‘oducer}o- I*P the incident. shocL wave is reflected from the ;j'et" a.e

from a *‘ree boundery then the pressure dren across tne reflected e*"oan-

=sion *‘an exactly cencels the pressure rise across the incldent wave. Ip

;‘;-ba'i, ca_ee

,sé-,pe;rétéa
eé’e.ma’;ioe
expa.nsion 8CToBs the inc,aden’c shock.

attaching, flcw regions is of courge _"53 Oa

[ éL for the. re~a.ttacn ng

flcw is de'te”-;!‘.:’sffv,ed rrom, (see Section h J.g o Figure 15 the celculated

nta.‘b'ic px:essure distribution on the wall is shmm foi' 1-2 = H__Zo: é,C A i

8 = 4°, Bog, 2.5 x 103, klam C 0,0037. For this case the pres-_'

sure increape on both sides of ‘the shock:x_s aboub eaua.;, ezfl *“he “’lo;z — -_—--.-,

g A e d

distrlbutz.on founa at hlgher Reynolds mmabers, or for stronger incigient

shocks, e.ppears 10 be assoc:.a.teﬂ wi”bh': ’cra.nni’cion the reattaching flow,

-

Thia 1 ou reg_me can bg tr q method.s s_mllar ‘co those emp.i.cyed __x.n the

83 2 @W 4 - rrhere B iS the *‘léxi 1nc11nat*on e’ﬂgle in c.ﬁe

. :Dattem is neaa:ly smtrlcal° The. aeymetric flow na,ttern and nressure i




] e (Se'c;'*i on ;;) A detailpd tre;anmen;b is reservea f‘or ;. later napar,
) B ) For the turbulent bounda‘i'y layer the sitmtion 1.8 more ccmpli-
i 7 catod. Ik this case, the deep psnetiatwn ot t‘hs~ shock makes it nscesaary
“ A - t;'s— n;édlfy some of the basic asswspuions cf‘ tne presen.t paper, a‘b e.eaa" o
. lecallg, particularly th;s.ssumption of -constant pressure across the in- ) B
) - ;_ i :;_5 ipative: ;‘fiow (See Section 6) ) S : ;.-_ _
B ' o * :35-,, Applica’clon o.f “S:!.:;nﬁ;o,.lfied Hiamg 'T‘heev;z *co 'the Base Preéeure Problem
T e f};—,i : Iﬁétboc. and p.s:asmnpuiomso _ ) e
= } - This. problem hes al’ready been Po”mu‘.ated i _i o 3 an an &p=
. _ plicat;iggj;;f ;he more ezact theory. When the wa;ge 13 fully uurboJ ent o
| _'m o ; ccurs 1n the %.'ake tha sche.me
___:7 I8 semexihﬁp—modiiiledn'__" ' o o ";‘"' * LT 3 _ _; -
o (a) Tuzbulent Wake - l?ransi'bion_,.izl‘ Alrfoi" Bounda,ry }ﬁg&
. _ When the wake is f'iJlly ‘burbul‘ent 11:, is a.s;ain aesumed tnar, x : co;:zs” ¥ 1o
. apd; ;;O‘g' : is then completaly datermined as g funr'tion o* 9 for every Ma.ch
number M by Eqwations (1} 6) and (. 7) At the airfoil trailmg edge the _
e boundaz'ycondltmn J- :-: o+ [;; mast be satisfied, or -
- .‘('5;, L)
E S
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E 3 e

. _ . : : J;«;_ - = ; S
: _ _ \npproxL.aielv. }\”’ = 0. 720 and (l T )J 0. Ltﬁ fo*c & 'curbulent 1otarc '_ B
spesd 1sothem&l .J.@t') ’I‘o every value of : ._.+ Jb' i ?’; L 1“532'{4’;;1 -_' o

taere coz'responﬁ.s a value of - Tand ‘cherefore & valud 6f 5&1

oL . - - . SR :
Guatlon \,.,.a..), &nﬂ J.:Lne.lly a value of base n*esgure ratic f(% M)

: _ In order to el a'ce this valu, of the be.se pressure r&tio to {b ’ it :w _
L0 7 mecessany o caleumate 20 ema S5 me ratio ‘57" s
e e e KR
B o “obteined as-¥ollowss = . o S T

: /Pb 53;;' (’
- ‘ o ) ‘ "' . '-'._» «e b‘ . = ';__::J“;-"
£ ’* B

e wbsre :LL. is assamed« as in Sect_on 3, the:F (i—_Q_._.

T o By eg:ca:ting Equation (2 25) for 'the mixing rafe; end 4

by \'nb' one obtains )
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For the cemgletely turbment wakp the in*‘egral D 13 a L.nique function

R '_ . __of 9’5 for .ever;/ .Ma.ch: num‘oer }vi,, -accor-ding 'l'o Equations (4 6) and, ‘b 'T}

‘as given by .tsoua.tion f'

;('5 u), and. (3-_eb;fthe bage pres-

'I'he varia.tion of b&se

prcssure with Ee;molds mmber at a given Mach mmx‘oe'ﬂ is obtained. bg’ tro--

. _} , l_ . duc* ng. +hn same pestulated variatlon of ‘fi ' with Reynolde mmber and Mach

0 B n@ber that is deger 'bed in Section 3, and 1llustrated in ngure 8 for

() Tredstvion in Heke :,,Airfoil Bﬁ‘und&::y‘ Bry Layer: Lamina.r‘“"" R

khen traas*tion iﬁ the airfo:ill bo;‘ layer is descri?oed in

(2

. 9_f:;f_ .:zj.ha_. _:bo_@y and inte the 'ggl_se= Sinr‘e the m.i.xing coefficieu&k :!.n tha

s ! oo iiak M
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) ghen Rec

7 self.,

j Jet from a,n upst*eam bomdhy layer, ’would have a*-transition Reynolds num-

o Taking, e, linea.r va.riat‘iomof

5.5)

' ,~,o;&' ~t;~anai3’tib§i~';@i!€;;ﬁ' ‘é;ii.?r?foi*
- for this e.pproximatmn is tlmt :Lt gives the co*rect fom of 't-ha depex:ﬁence
-of trans1 tion on Rec 5. BNG provides f£or an acCeleratea forward mcvemaau v'::i'

'tr?*tsa.ﬁaon in ’c?be viak

lamim.r nortion of the waAe is & functiozz o:vReymlds ﬁ“mber, ‘t;he? i‘eivlﬁti’é?j;,

and. the Droce&ure outlmed in ,25.) abc

between - and- Q is no longer ifdsgng f‘i f?eynoléss mmhaz' »

must be mod.f:.eda . o
In the rlrst p.!.ace e gtatement musz, be made regarding tha t‘"" -

sitien Reynolds mrmber in the ma » ahout whlch Little & mm a* praaen"g

7 'f’ransi'f“ion in i:he wiake. ‘ust depem to a large exte;gt on the nraﬁm:n M,.... - [ 2

' .;,{ layer, aa,uwell
as on tha graw'm of*ﬁiszwbances along the .Lamzmr- port:r.on of the wake it-
Based on the meeger d&ta ava* ls.'ble.v it is assumed thata "f‘re‘“"

h*gh—velocity lami naET h..af-,}eu, ~undisturbed by oac:.llat*l ons fed into the

ber of 1& x 105 Therefore “when Rec L h z 106 theﬁ ..ransi "on» Re;mol‘ds

mmbe 1n the wike must approacn a va.lt,.e of 1+ x 705 3 whlle Re—m

14- X 106 ang transi ion just reaches ’cha airfoil'tmilsng edge.

tians E] ror;g:;«;g ;';

Rery =

wm. ¢ 3= ' E‘mooth ﬁsve’ziéﬁt R
“wake - . i0 e
*bo wake is p%esumed A.Ll ’cha,t can be c‘ln"'md

(Fer tre.nsif 1% ton. curve

ke with inc eam.ng “.Reynolds nmnber.,

0n the besis af fhis assumptlon rega.rding tramltion in tha wake\ '

‘the veridtion. of base presaure with Reynolds mmber e.t & 7;3;: ;’ggch ;‘;‘,f‘bf ‘a_iz;‘;
L er“ww~ s G P [ ) <. B -
- \\ \ «‘w« B - = - \ * A ;
P i e ) _ o e i-:: s




- T ‘ﬁis fio%'regme?i-é céi&ﬁﬁ}éééi by an itevation mathod. Suppose that
A c/h is gzven, For ‘Bome valus of Rey K l',t X 3-’66' 2 series of trie.i va.;-ue’s- o
i of G‘M » OF the flov deflef-tz,omhangle a‘b the uX’aD.S"tiOIl poms, are se« P
E ) R Hlef_:'ﬁed} The correspo aing 1ocatic;ns nf ‘bhe transltion POint and va.Lues " l‘
F ' o of Pf wak'a ame*calculated by &n 1§era.tion scheme, s in vhich the mlus
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5 2 Ef fect of hevnolds Number on Base Pressure. 'l‘he Var:! ous ﬁ‘lc:w Rlegimes.
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